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THE TUIRD EDITION. 



I 
I 



Is preparing this new editlou of '■ Sound," I h&ro 
carefully gone over the last one ; amended, ae far as pos- 
siMe, its defects of style and matter, and paid at the same 
time respectful attention to the criticisms and snggeetiyns 
which the former editions calle<l forth. 

The cases are few in which I have been content to re- 
prodnce what I have read of the works of acousticians. 
1 have sought to make myself experimentally familiar 
ith the ground occupied ; trying, in all cases, to present 
tiie illustrations in the form and connection most suitable 
for educational purposes. 

Though bearing, it may be, an undue share of the im- 
perfection which cleaves to all human effort, the work has 
idready found its way into the literature of various nations 
■flf diverse intellectual standing. Last year, for example, 
a new German edition was published " under the special 
sapervision '" of Helmholtz and Wiedemann. That men 
eo eminent, and so overladen with ofKeial duties, should 
add to these the labor of examining and correcting every 
proof-sheet of a work like this, shows that they consider 
it to be what it was meant to be — a serious attempt to im- 




prove the public knowledge of Bcience. It is especially 
gratifying to me to be thus assured that not in England 
alone has Uie book met a public want, but also in that 
learned laud to which I o\rs niy ecientific education. 

Before me, on the other hand. He two volumes of fools- 
cap size, curiously etitched, and printed in eharactera the 
meaning of which I am incompetent to penetrate. Here 
and there, however, I notice the familiar fignres of the for- 
mer editions of " Sound." For these volumes I am in- 
debted to Mr. John Fryer, of Shangliai, who, along with 
them, favored me, a few weeks ago, with a letter from 
which the following is an extract : " One day," writes Mr. 
Fryer, " soon after the first copy of your work on Sound 
reached Shanghai, I was reading it in my study, when an 
intelligent official, named llsii-ehung-hu, noticed some of 
the engravings and asked me to explain them to him. He 
became so deeply interested in the suhjeet of Acoustics, 
that nothing would satisfy him but to make a translation. 
Since, however, engineering and other works were then 
considered to lie of more practical importance by the 
higher authorities, we agi-eed to translate your work 
during our leisure time every evening, and publish it 
separately ourselves. Our translation, however, when com- 
pleted, and shown to the higher officials, so much inter- 
ested them, and pleased them, that they at once ordered 
it to be published at the expense of the Government, and 
sold at cost price. The price is four hundre*t and eighty 
copper cash per copy, or about one shilling and eightpence. 
This will give you an idea of the chaipness of native 
printing." 




Ur. Fryer adds that his Chinese friend had do di£S> ' 
culty in grasping every idea in the book. 

The new matter of greatest importan<% which has been 
introdnoed into this edition is an accounl of an inveetiga- 
tion which, daring the two past tears, I hiive had the lionor 
of conducting in conDection with the Elder Brethren of 
the Trinity Uonse. Cnder (he title " Reeearcbes on lbe-| 
Acoaetic Tranapareney of the Atmoapliere, in Relation 1 
the Question of Fog-«ignaling," the subject is treated in 
Chapter VIl. of tliis Tolume. It was only by Gorem- 
metital appliances that Euch an inve^igation could have 
been made ; and it g^^es me pleasure to beUeve th£t not 
only have the practical objects of the inquire been secured, 
hut that a crowd of scientific errors, uhi<Ji for more than 
a century and a half have surrounded tliis subject. Lave 
been removed, their place being now taken by the sure 
and certain troth of Natnre. In drawing up the account 
of this laborious inquiry, I aimed at linking the observa- 
tions ao together, that they alone should offer a substantial 
detnon^ration tif the principles involved. Further labors 
enabled me to bring the whole inquiry within the firm 
grasp of experiment ; and thus to give it a certainty which, 
without this final guarantee, it could scarcely have enjoyed. 

Immediately after the publication of the first brief ab- 
stract of the investigation, it was subjected to criticism. 
To this I did not deem it necessary to reply, believing 
that the grounds of it would disappt^r in presence of the 
fiill account. The only opinion to which I thought it 
I^t to defer was to some extent a private one, eomniu- 



nitated to me by Prof. Stokes. He considered that I had, 
io some cases, aecribed too exclusive an intiuence to the 
mixed currents of aqueous vajwr aud air, to the negle( 
of differences of temperature. That differences of tem- 
perature, wlien they come into play, are an etKcient cause 
of acoustic opacity, 1 never doubted. In fact, aerial 
flection arising from this cause is, in the present inquiry, 
for the first time made the subject of experimental demon 
stration. What the relative potency of differences of tem- 
perature and differences due to aqueous vapor, in the casei 
under consideration, may be, I do not venture to state 
but as both are active, I have, in Chapter VII., referred 
to them jointly as concerned in the production of those 
" acoustic clouds " to which the stoppa^ of sound in the 
atmosphere is for the most part due. 



Subsequently, however, to the publication of the full 
investigation another criticism appeared, to which, in con- 
sideration of its source, I would willingly pay all respect 
and attention. In this criticism, which reacheil me first 
through the columns of an American newspaper, differ- 
ences in the amounts of aqueous vajx>r, and differences of 
temperature, are alike denied efficiency as causes of acous- 
tic opacity. At a meeting of the Philosopliical Society of 
"Washington the emphatic opinion had, it was stated, been 
expressed that I w(t8 wrong in ascribing the opacity of the 
atmosphere to its flocculencc, the really eflicient cause 
being refroiiion. This view appeared to me so obviously 
mistaken that I assumed, for a time, the incorrectness of 
the newspaper accoant. 




tlr, bcnrerer, 1 bare been fa T tw d witli tbe '' 
port of &e United Stales IIsliilioQie Boanl for tSU,'* 
whtch the KooDBt just referred lo is cticrohontod. A 
brief refiercoee to tbe Report will here enffitie. Major i 
KUiott, the acvompliibed officer «ad gentlemaQ rvf^red j 
to At page ^1, bad pablisfaed a record of his vi^it of iu- 
epectioo to this countiy, in which be epoke, with a per- I 
fectlv enlighteoed appreciatioQ of the facts, of the dificp- 
encee between oar eyetem of U^bthuase illumination and 
that of tbe United States. He also embodied in his Ke- 
port Bome aeeoont of tbe io^^e^tigatioQ on fog^eignab, 
tbe initiation of which be bad witnessed, and indeed aided, 
at tbe South Foreland. 

On this able Beport of their own officer tbe Liglitbonse 
Board ut Waehington make the following remark: " AI- 
tboogb tbis accoant 16 interesting in itself and lothepnblic 

^generallv, jet, being addressed to the Liglitboiise Board of 
the United States, it would tend to eonvey the idea that 
the foel-s which it slates were new to the Board, and that 
the latter had obtaine<l no results of a similar kind ; while 
a reference to the appendix to this report ' will show that 
. the researcbee of our Lighthouse Board have been nuich 

 more extensive on this subject than those of the Trinity 
F House, and that the latter has established no facts of prac- 
tical importance whifb had not been previouslj observed 
and nsed bv the former." 

The " appendix " liere referred to is from the pen of 

 the venerable Prof. Joseph Henry, chainiian of the Light- 

mind ihst ihe Wishington Ajipcndii was publbhod 
« year sflor ny Repoi I I'l Ihi- Trinilj Douse. 
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houBe Board at Washington. To his credit be it recorded 
that at a very early period in the history of fog-eignaling 
Prof. Henry reported in favor of DaboH's trumpet, though 
he was opposed by one of his colleagues on the ground 
that " fog-signals were of little importance, since the mari- 
ner should know his place by the character of his sound- 
ings." In the appendix, ho records the various efforts 
made in the United States with a view to the eetablish- 
nient of fog-signals. He describes experiments on belle, 
and on the eni[iloyment of i"cflectors to reinforce their 
sound. These, thougli effectual close at hand, were found 
to be of no use at a distance. He corrects current errors 
regarding steam-whistles, which by some inventors were 
thought to act hke ringing bells. He cites the opinion of 
the Rev. Peter Fei^son, that sound is better heard in fog 
than in clear air This opinion is founded on observations 
of the noise of locomotives ; in reference to which it may 
be said that others have drawn fi-om similar experimenla 
diametrically opposite conclusions. On the authority of 
Captain Keeney he cites an occurrence, " in the first part 
of which the captain was led to suppose that fog had a 
marked influence in deadening sound, though in a subse- 
quent part he came to an opposite conclusion," Prof. 
Henry also describes an experiment made during a fog at 
Washington, in which he employed " a small bell nmg by 
clock-work, the apparatus being the part of a moderator 
lamp, intended to give warning to the keepers when the 
supply of oil ceased. The result of the experiment was, 
he affirms, contrary to the supposition of absorption of 
the sound by the fog." This conclusion is not founded 




mpantire experimeDts, but on obeernUiona made 
I fiig alone ; for, adds Prof. Henri, "^ the change 
in the oondltion of the stmofiphere, ae to temperarare and 
the EDotioQ uf the air, before the experiment conid be re- 
peated in dear weather, rendered the resnlt not entireljr 
aatisfartotT." 

"Oas, I may ear. is the only experiment on fog which I 
hare foond recorded in the appendix. 

In l£6i the steant-siren was monnted at Ssndy Hook, 
■nd examined by Prof. Henry. Be compared it£ adion 
witb thai of a Daboll Imnipel, employiug for this purpose 
 stieidwd iDefflbrane covered with aand, and placed at 
tke amaU end of a tapering tube which coaoentnted the 
eDDoreDi tnotioo npon the membrane. The airen prored 
mart pcnrerfoL " At a difitan<% of 30. the trumpet pro- 
dnoed » decided mt^on of the sand, while the siren gare 
a nmOar result at a di^ws of 68." Prof. Henir &l£o 
Tsried tbe pitch of the siren, and found that in mso- 
etatioD with its trumpet rK*0 impnlges per second yielded 
llie maxiintnn aotmd; while the be$t result with the on- 
aided area was obtained when the impulses were 3C0 a 
Experitneots were aim m^e on the indnetice of 
; £rom which it appeared that when the preesore 
Tmned from itX> lbs. to S<' lbs., the distance reached by 
Ae sobikI {ae determined by tbe Tilmling membrane) 
varied only in the ratio of ill to bl. Prof. Henty aUo 
■bowed the eoond of ijie fo«4mropet to be independent 
uf Ibe iDateriAl employed in ite constmction ; and he 
furthermore obecrted the decay of the eonitd when the 
sn^lar distance frcm the axis of the iustniment was 



12 PREKACE. 

inci-eased. Further observations were made by Prof. 
Henry and his colleagues in August. 1873, and in August 
and September, 1874. In the brief but interesting account 
of these experiments a hypothetical element appears, 
which is absent from the record of the earlier observations. 

It is quite evident from the foregoing that, in i-egard 
to the question of fog-signaling, the Lighthouse Board 
of Washington have not been idle. Add to this the fact 
that their eminent chairman gives his services gratuitously, 
conducting without fee or reward experiments and obser- 
vations of the character here revealed, and I tliink it will 
be conceded that he not only deserves well of his own 
country, but also sets his younger scientific contempora- 
ries, both in his country and ours, an example of high- 
minded devotion. 

I was quite aware, in a general way, that labors like 
those now for the first time made public had been con- 
ducted in tlie United States, and this knowledge was not 
without influence upon my conduct. The first instru- 
ments mounted at the South Foreland were of English 
manufactiire ; and I, on various accounts, entertained a 
strong sympathy for their able constructor, Mr, Hohnes. 
From the outset, however, I resolved to suppress such 
feelings, as well as all other extraneous considerations, 
individual or national ; and to aim at obtaining the best 
instruments, irrespective of the country which produced 
them. In reporting, accordingly, on the observations of 
May 19 and 20, 1873 (our first two days at the South Fore- 
land), these were my words to the Elder Bretliren of the 
Trinity House ; 
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" In view of the reported performance of homs and 
I' vhisUes in other places the qnestion oriBee whether those 
[ monnted at the Soath Foreland, and to which the fore- | 
I going remarks refer, are of the be^it possiWe <)escriptioQ. j 

[ think our first duty is to mnkc onr^lves acquainted 
I with the best instramente hitherto made, no matter where | 
I made ; and then, if home genius can transcend them, to , 
I give it all enconragement. Great and unnecessary expense 
I may be incurred, through our not availing ourselves of the 
F results of existing experience. 

''I have always sympathized, and I sliall always sym- 

\ patliize, with the desire of the Elder Bretliren to encourage 

I the inventor who first made the magneto-electric light 

I available for lighthouse pur^joses. I regard his aid and 

I counsel as, in many respects, invaluable to the coqioration. 

j But, however original he may be, our duty is to demand 

I that his genius shall l>e expended in making advances on 

\ tliat which has been already achieved elsewhere. If the 

I whistles and homs tliat we heard on the 19tb and 20th be 

the very best hitherto constructed, my views have been 

already complied witli ; but if they be not — and I am 

strongly inclined to think that they are not— then I would 

L submit that it behooves us to have the best, and to aim at 

I making the South Foreland, both as regards light and 

I Bound, a station not excelled by any other iu the world." 

On this score it ^ves me pleasure to say that I never 

Ib&d a difficulty with the Elder Bretliren. They agreed 

with me ; and two powerful steam-whistles, the one from 

I Canada, the other from the United States, together with 

I steam-fiiren — also an American instrument — were in due 
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time mounted at the South Foreland. It will be eeen in 
Chapter VII. that my strongest recomniendation applies 
to an iaatriiuieiit for wliit-h we are indebted to the United 
States. 

In presence of these facts, it will liardly be assunied 
tiiat I wish to withhold from the Lighthouse Board of 
Washington any credit that they may fairly claim. My 
desire is to he strictly just ; and this desire compels me 
to express the opinion that their Keport fails to estab- 
lish the inordinate ekim made in its first paragraph. 
It contains observations, but contradictory observations ; 
while as regards the establishment of any principle which 
should reconcile the conflicting results, it leaves our con- 
dition unimproved. 

But I willinyly turn aside from the dia-nsaion of 
" claims" to the discussion of science. Inserted, as a tind 
of intrusive element, into tlie Report of Prof. Henry, 
is a second Report by General Duane, founded on an ex- 
tensive series of observations made by him in 1870 and 
1871. After stating with distinctness tlie points requir- 
ing doeision, the general makes the following remarks: 

"Before giving the results of these experiments, some 
facts will be stated which will explain the difficulties of 
determining the power of a fog-signal. 

"There are six steam fog-whistles on the coast of 
Maine ; these have been frequently heard at a distance of 
twenty miles, and as frequently cannot be heai-d at the dis- 
tance of two miles, and this with no perceptible difference 
in the state of tlie atmosphere. 

" The signal is often heard at a great distance in one 
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direetioa, vlnle in another it will be scanelr nidible at 

the distance of a mile. This is not tlie effect of vind, as 

tbc agttal ia {requenllr bcanl mncfa farther aipuinat the 

wind than with it.' For example, the whistle on C»]w 

^lEIizabeth can alwavs be di^tinrtlr heard in Purtland. a 

ietance of nine miles, doring a hearr northeast ^oow- 

'■term, the wind blowing a gale directlr from Portland 

toward ihe whistle.' 

•^ The most perplexing difficulties, however, arise tnta 

the fact that the signal often appears to be sarronndetl hv 

a belt, wying in radius from one to one and a half mile, 

from whidi the sound appears to be entirelv absent. Thus, 

in moving directly from a statioD the sound U aadible for 

the distance of a mile, is then lo^t for almnt the same dis- 

^H taoc-e, after which it is a^ain distinrtlT heard for a long 

^^Rhne. This aotion is common to all ear-signals, and has 

^HEbe«n at times observed at all the stations, at one of which 

^^^tte eignal is situated on a bare rock twenty miles from 

^^■llte mainland, with no surrounding objects to ntfect the 

^^ponnd." 

^^B It is not neeessanr to assume here the existence of a 
^^"belt," at some distance from the station. The passage 
of an acoustic elond over the station itself would produce 
the observed phenomenon. 

Passing over the record of many other valuable observa- 

' That U 1o my, hnmnpmeoas lir with an oppoaiog wuiJ, ia rraiurntl]' 
more fiiTonble In sound thin noti-hDinopmeoiu air with a EiTuiin^ viniL 
We made the laiiic experience «t the Sooth Foreland. — J. T. 

* Had tU* obMTTStion been pubtishcd. it could Oltly haTc j^rm mr 
plBuarc (o refer to it in mj r«:eiit irritine?. It is  striking coDfirroalion of 
mj obserraiioiu on ibe Her if GUn? in 1859. 
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tions, in the Report of Gcntral Diiane, I come to a few 
verj important remarks which have a direct bearing ujxiu 
the present ijueetiou : 

" From an attentive observation," writes the general, 
" during three yeara, of tlie fog-signals on this coast, and 
from the reports received from the captaius and pilots of 
coasting vessels, I am convinced that, in some conditions 
of the atmosphere, the most powerful signals will be at 
times unreliable.' 

" Now it frequently occurs that a signal which, under 
ordinary circumstances, would be andihle at the distance of 
tifteen miles, cannot be heard from a vessel at the dis- 
tance of a single mile. This is probably due to the reflec- 
tion mentioned by llumboldt. 

" The temperature of the air over the land where the 
fog-signal is located being very different from that over 
the sen, ttie sound, in passing from the former to the latter, 
nndergoes reflection at their surface of contact. The cor- 
rectness of this view is rendered more probable by the 
fact that, when the sound is thus impeded in the direction 
of tbo sea, it has been observed to be much stronger 
inland. 

"Exi)eriraent8 and observation lead to the conclusion 
that these anomalies in the penetration and direction of 
sound from fog-signals are to be attributed mainly to tlie 
want of uniformity in the surrounding atmosphere, and 
that snow, rain, and fog, and the direction of the wind, 

' Had I bpen awire of iu exiitence I might hme used llie l&nguige of 
Ocnenil Duxni^ to I'lpre^s mj viewg on the p<^Dl here adrvrled to. See 
Chap. Vll., pp. 3ie-S20. 




posed." 

Tbe Repon of Gcnoal Dane » aarfasd Awg haiia 
by fidelity to ftt^. me n^ritj, and tobenttx of tftem- 
latioo. Tbe het three oC llie [wagimjibe jotx qootod, 
exhiliiU in edt opmioo. tbe aelr apinMe^ lo a me cxpb- 
tution of the pbenomeiu vhidi the 'Wwhbi^loB Beport 

^teTell& At this point, however, the eBuamt C hainnM i 
of the li-hthtxiee Boud itzikes in vilh the foIVivi^ 
criticism : 

**hi tbe forgoing 1 differ entirelT in i^NBioa feiB 
Genenl Dauie. » to die aiKe of extioetian of po ir erfql 
soaods being doe to tbe impgnal den^ty of the attnue- 
phere. The velodtr of aonnd is tiot si aU affected hr 
barometrie preseure; bat if the difienoce in pressoie is 
caneed br » dlfietvnee in heat, or bv the espanare pover 
of vapor mingled with ifac sir. s slight degree of obetrae- 
tton of sotrad mar be oteerved. fiut this eSect we think 
is entirely too niinnle to pnxlnoe the results noted by 
Genera) Doatw and Dr. Tyndall. while we shall find in the 
actkm of camots above and bdow a tnie and efficient I 



I have already dted the remarkable ohaenratton of 
Genetal Dnane, that with a eoow-stonn fr\im the north- 
east blowing againel tbe sonnd. the Hgnsi at Cajtc Eliza- 
beth is always beard at Portland, a distam-e of nine miles. 
PTbe oU«rwtionfi at the Sunth Foreland, wbere the sonnd 
W been jitoved to reach a distance of more tlian twelve 
miled sgainst the wind, Iiacked by deci«i%'e experiments, 
Tednce to certainty tbe Bormiees of General Duaite._ It_ 
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has, for example, been proved tliat a eonple of gss-flames 
placed -in a chamber can, in a minute or two, render ita 
air so non-bomogeneou3 ss to cut a sound practically off ; 
while the same sound passes without sensible impediment 
through showers of paper-scraps, seeds, bran, rain-drops, 
and through fumes and fogs of the densest description. 
The sound also passes through thick layers of calico, silk, 
serge, flannel, baize, close felt, an<i tlirough pads of cotton- 
net impervious to the strongest light. 

As long, indeed, as the air on which snow, hail, rain, 
or fog is suspended is homogeneous, so long will sound 
jWBs through the air, sensibly heedless of the susjwnded 
matter.' -This point is illustrated upon a large scale by 
niy own observations on the Mer de Glace, and by those 
of General Duane, at Portland, which prove the anow- 
laden air from the northeast to be a highly liomogeneona 
tnediuu]. Prof. Henry thus acconnts for tlie fact that 
the northeast snow-wind renders the sound of Cape Eliza- 
beth audilile at Portland: In the higher regions of the 
ntmosithere he places an ideal wind, blowing in & direc- 
tion opposed to the real one, which alwaya accompanies 
the latter, and which more than neutralizes ita action. In 
Ejieculating thus he basea himself on the reasoning of 
Prof. Stokea, according to which a soimd-wave moving 
against tlie wind is tilted upward. The upper, and op- 
posing wind, is invented for the purpose of tilting again 
the already lifted sound-wave downward. Prof. Henry 
does not explain how the sound-wave recrossea the hos- 

' ThU does not seem more BurprieiDg ihan the pussHge of light, or ra<)i- 
■nl hesi, tlirongh rock-sail. 







tile kiwer e ai re nt, biu- does be give any t 
of the cooditioas onder vhkfa it am be sbovit that it will 
rh the obeerrer. 

Thifi, so fu- SB I know, b the only theoRtie gleam 
br the Wftduogton Report on the confiictiitt nsnlu 
which h&ve hitherto rendered ezpertmenlB on fo«iguk 
BO bewildering. I fear it is an igrtU/atvm, inelcad at « 
safe guiding li^t Prof. Hennr. However, boldlT applies 
the bvpotht^is in a Twietr of instances. Bat be dw«dU 
with particular emphasb upon a twe of noD-redprocitT 
which he ooosiden ahsolatelr fatal to mj Tiews re^^arding 
the floccnlence ni the atmosphere. The otuservation was 
toade on board the Eteamer Citr of Kidimond, during a 
thiok fog in a night of X^IX " The Tewel was approach- 
ing Whitehead from the «oathweetward, when, at a dt«- 
tant'e of abont gix miles from the statioo, the fog-dgnal, 
which is a lO-inch eteam-wtiistle, was distinctly pereeireal, 
and continued to be heard with increasing int^i^ty of 
BOQud nntil within abont three miles, when the aound sud- 
denly ceased to be heard, and wiie not perceived again 
until the vessel approached within a qaarter of a mile of 
the etation, although from conclusive evidence, furnished 
by the keeper, it was shown that the signal had been 
eonnding during the whole time.'' 

But while the 10-ineh shore-signal thus failed to make 
itself heard at sea. a 6-inch whistle on board the steamer 
made itself heard on shore. Prof. Ilenry thus tiimB this 
fact against me, "It ia evident," he writes, "tliat this 
reeuJt could not be due to any mottled condition or want 

acoustic transparency in the atmosphere, since thia 




would absorb the sound equally in both directions." Had 
the obsfrvatioii been made iu a still atmosphere, tiiis argu- 
ment would, at oue time, have had great force. But the 
atmosphere was not still, anil a euffic-ient reason for the 
observed non-reoiproeity is to be found in the recorded 
fiiet that the wind was blowing against the fliore-signal, 
and in favor of the ship-signal. 

But the argument of Prof. Henry, on which he places 
his main reliance, would 1)6 untenable, even had the air 
been still. By the very aerial reflection which he prae- 
tically ignores, reciprocity may be destroyed in a calm 
atmosphere. In proof of this assertion I would refer hiin 
to n short paper on "Acoustic Reversibility," printed at 
the end of this volume.' Tlie most remarkable case of 
non-reciprocity on record, and which, prior to the demon- 
stration of the existence and power of acoiifitic clouds, 
remained an insoluble enigma, is there shown to be capable 
of satisfactory solution. These clouds explain perfectly 
the "abnormal phenomena" of Prof. Henry. Aware of 
their existence, the fulling off and subsequent recovery of 
a signal-sound, as noticed by him and General Duane, is 
no more a mystery, than the interception of the solar light 
by a common cloud, and its restoration after the cloud has 
moved or melted away. 

The clue to all the difficulties and anomalies of this 
question is to be found in the aerial echoes, the significance 
of which has been overlooked by General Duane, and mis- 
inteqireted by Prof. Henry. And here a word might be 
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eaid with regard to the injorioas mflnence etSl exetdsed 

by authority in H;iei)c«. The atGruutiooe of the higfaeet 

pthorities. that innu dear air do fusible edio ever ooowe, 

e eo (lUtiuct, that mr mind for a time refused to enter 

t the idea. Aothoritv caoeed me for weeks to depart 

K>in Uie tmtli, and to eeek foanael among delueionE. On 

e day our observatidns at the Soath Foreland tic^UL, I 

1 the et'lioea. Ther perplexed me. I beaud them 

ua and again, and ii&tened to the explanaliuos offered 

%y eouie ingenious f-ereons at the Foreland. They were 

an " oeeau-echo : " this is the very phraseolv^ now nsed 

by Prof, lienry. They were echoes '• from the cresta and 

bpes of the waves: " these are the words of the hypoth- 

! which he now espouses. Thrtjugh a portion trf the 

nth of May, throngli the whole of June, and tliroogh 

u-Iy the whole of July, 1S73, I was occupied with these 

Aocs; one of t)ie phases of thought then passed through, 

B of the solutions then weighed in the balance and found 

mting, being identical with that whicli Prof. Henry now 

a for arceplation. 

But tlioi^rh it thns deflected me Irom the proper trat^'k. 

shall I say tliat authority in science is injurious f Xnt 

withoot some qualification. It is not only injurious, but 

deadly, when it cows the intellect into fear of qnestioninj; 

ffiL But the aathority which so merits our respect as to 

mpel OS to test and overthrow all its supports, before 

leptiug a conclusion opposed to it, is not wholly noxious. 

II the contrary, the di^iplines it imposes may he in the 

tghest degree salntary. though they may end, as in the 

wnt raw. in the ruin of anfhoritv. The tmth thus 
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CBtabliehed ib rendered firmer bj our straggles to reach 
it. I groped day after day, carrying tbis problem of aerial 
echoes in my mind ; to tiie weariness, I fear, of some of 
my colleagues wlio did not know my object. The ships 
and boats afloat, the " slopes and creste of the waves," the 
visible clouds, the cliffs, the adjacent lighthouses, the ob- 
jects landward, were all in turn taken into account, and 
all in turn rejected. 

With regard to the partit-ular notion whidi now finds 
favor with Prof. Henry, it suggests the thought that his 
observations, notwithstanding their apparent variety and 
extent, were really limited as regards the weather. For 
did they, like ours, embrace weather of all kinds, it is. not 
likely that he would have ascribed to the sea-waves an 
action which often reaches its maximum intensity when 
waves are entirely alisent. I will not multiply instances, 
but confine myself to the definite statement that the 
echoes have often manifested an astonishing strength 
when the sea was of glassy smoothnese. On days when 
the echoes wei-e powerful, I have seen the southern cu- 
muli mirrored in the wavelese ocean, in forms almost as 
definite as the clouds themselves. By no possible appli- 
cation of the law of Incidence and reflection could the 
echoes froui such a sea return to the shore ; and if we ac- 
cept for a moment a statement which Prof. Henry seems 
to indorse, that sound-waves of great intensity, when they 
impinge upon a solid or liquid surface, do not obey the 
law of incidence and reflection, but " roll along the surface 
like a cloud of smoke," it only increases the difficulty. 
Such a " cloud," instead of returning t« the coast of Eng. 




tkmof tfaeaeriale 

dtractf OD m vUeh the t 

kiwairs that ia^Tiudi the mxie of Ac  

At Dungeaeas this wm ptorad to be the < 

out ao an; of iHf — an impiMEQife reeak, if the £reo- 

tUMi of i^eecion vcre .W— i— J by that of the ooen 



Bigfatljr interpreted and foUomtd oat. these aSrial 
echoes lead to a eulntiua which penetnlea and receocilea 
the pbenomena {tarn begianin^ to ead. On this point I 
would stake the isene of the whole inqniir, and to thk 
point I would, with special esniestnei!8k dii«ct the atten- 
tion of the Ligfathooee Board of Washiogtua. Lei them 
prolong their obeerratioas into ralm weather : if their at- 
moepbere resembles oius — whidi I cannot doaU — then I 
affirm that tbev will infallihiT ti»d the echoes strong on 
dars when all thooght of reflection ^ f rooi the et«&ts and 
lopes of riie waves" most be dia-arded. The echoes affrtrd 
iest acrese to the «>re of this qnestion, and it is for 
this reason that I dwell upon them thus eni{)linticallv. It 
squires no refined skill or profound knowledge to master 
inditions of their production; and these once inas- 
" tered, the Lighthouse Board of Washinglon will find tliem- 
eelves in tlie real current of ttie phenomena, outside of 
which — I say it with respect — tliev are now vainly speon- 
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lating. Tlie aconstic deportaient of the atmoepfaere in 
liaze, fog, gleet, gnow, rain, and hail, will be no longer a 
mystery; even thoee "abnormal phenomena" which arc 
now referred to an imaginary cause, or reserved for future 
investigation, will be found to fall naturally into place, 
illuBtrations of a principle as simple as it is universal. 
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*'With the instruments now at owr disposal, wisely 
established along our coasts, I venture to think that the 
saving of property, in ten years, will be an exceedingly 
large multiple of the outlay necessary for the establish- 
ment of such signals. The saving of life appeals to the 
higher motives of humanity." i^uch were the words with 
which I wound up my Report on Fog-signals.' One year 
after their utterance, the Schiller goes to pieces on the 
Scilly rocks. A single calamity covers the predicted mul- 
tiple, while the sea receives three hundred and thirty-thi-ee 
victims. As regards the establishment of fog-«ignals, 
energy has lieen hitberto paralyzed by tbeir reputed nn- 
certainty. We now know both the reason and the range 
of their variations; and such knowledge places it within 
our power to prevent disasters like the recent one. The 
inefficiency of bells, which caused their exclusion from 
our inquirj', was sadly illustrated in the case of the 
Schiller. 

JOHN TVNDALL. 

ROTAL iNSIITrTlOS, .tuHf, 187S. 

' Set p«pe M8 of iLi» volume. 
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Is liie following pages I hare tried to rentier the sdence 
of Acoustics interestiog to uU intelligent person^ inolading 
tl)oe« who do not possess any gpecial scientilic culture. 

The snlvject is treated experimentally throughont, and J 
I have endeavored so to place each experiment before the I 
reader, that he &Iiould realize it as ait actual operation. I 
My desire, indeed, has been to ^ve distinct itnagvs of the i 
various phenomena of acoustic^ and to c^iise them to be 1 
eeen mentally in their trae relations. 

1 have lieen indebted to the kindness of some of raj I 
EngHgh friends foramnreor less complete examination i 
of the proof-«hcet8 ut this work. To ray celebrated Gcr- j 
man friend Clausius, whti hae ^\en himself the trouble of 
reading the [(roofs from beginning to end, my espe(.-ial j 
tlutnks are due and tenderetl. 

There is a growing desire for scientific culture through- 
ont the civilized world. The feeling is natural, and, I 
under the circumstances, inevitable. For a power whichfi 
infiuencee bo mightily the intellectual and material iiction 
of the age, could not fail to arrest attention and challenge 
examination. In onr schools and universities n tnovemeJit 
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in favor of science has began which, no doubt, will end 
in the recognition of its claims, both as a soorce of knowl- 
edge and as a means of discipline. If by showing, how- 
ever inadequately, the methods and results of physical 
science to men of influence, who derive their culture from 
another source, this book should indirectly aid in pro- 
moting the movement referred to, it will not have been 
written in vain. 
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^H Experimental 1 llustratioiu. 

^H^ The varions ner\'ee of the Iiiiman body have their ori- 

^^pn ia the brain, which is the seat of Bensation. When 

the finger is wounded, the sensor nerves convey to the 

brain intelligence of the injury, and if these nerves be 

severed, however serious tlie hurt may be, no 



I pain 1 



wn'eneed. We have the strongest reason for believing 



kat what the 
The 



nerves convey to tlie brain is i 
motion 1 



allc 
! meant is not, however, that of 
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hniin, where the vibrations are translated into Bonnd. 
IIow it is that the motion of the nervous matter can thus 
exfite the eoiieciousneBs of 8ound ia a mystery whiclj the 
human mtnd t^nnot fathom. 

The propagation of sound may be illustrated by another 
homely but useful illustration. I have here five young 
assistants, a, b, c, d, and e, Fig. 2, placed in a row, one 
behind the otlier, each boy's hands resting against the 
hack of the boy in front of him. e is now foremost, and 
A tinishes the row buhind. I suddenly push a, a pushes 
B, and regains his upright position ; b pushes c ; c pushes 
i> ; D pushes E ; each boy, after the transmission of the 
piieli, becoming himself erect, e, having nobody in front, 




is thrown forward. Il.nl iir Ihth -lundingon the edge of 
a precipice, he would liave fiilien over; had he stood in 
contact with a window, he would have broken the glass; 
had he been close to a drum-bead, he would have shaken 
the dnini. We could thus transmit a pnali through a row 
of a hundred boys, eaih particular boy, however, only 
swaying to and fro. Thus, also, we send sound through 
the air, and shake the drum of a distant ear, while each 
particular particle of the air concerned in the transmission 
of the puke makes only a small oscillation. 

But we have not yet extracted from our row of boys 
all that they can teach us. When a is pushed he may yield 
languidly, and thus tardily deliver up the motion to ha 



A SOXOROCS WAVE. 

neighbor b. b lanj do tlie eame to v, c to D, sod d to e. 
Id this way the motion might be transmitted with com- 
purative Bluwnei^ along the line. But a, when poshed, 
may, by a sliarp muscular effort and eu<Iden rec-nil, deliver 
up promptljr hi& motion to b, and come himGelf to nst ; b 
may do the same to c, c to d, and u to e, the ukotion be- 
ing thus transmitted rapidly aloug the line. Now this 
sharp mn84.'a]ar effort and eadden reeoil is analogous to 
the dagticitij ai the air in the case of sound. In a wave 
of eound, a lamina of air, when itt^l agninst its neigh- 
bor lamina, delivers up its motion and recoils, in virtue 
of the elastic force exerted between them ; and the more 
mpid this delivery and recoil, or in tither words the greater 
the elasticity of the air, the greater is the velocity of the 

Jnd. 
A very instructive mode of illustrating the transmiseion 
I sound-pulse is furnished by the apparatne represented 
Fig. 3, devised by my as^stant, Mr, Cottreli. It con- 

siste of a series of wooden balls sejiaratcd from each otlier 
by spiral springs. On striking the knob a, a rod attached 
it impinges upon the first ball ii, which transmits its 
:ion to c, thence it payees to e, and so on through the 
The arrival at D is announced by the shock 
the terminal ball anainst the wood, or, if we wish, by the 
ringing of a bell. Here the elasticity of the air ie repre- 
sented by that of the springs. The pulse may be rendered 
enough to be followed by the eye. 
Scientific education ought to teach ue to see the in- 
ible as well as the visible in nature, to picture with the 
lion of the mind those operations which entirely eUide 
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bodily vision ; to look at the verr atoms of matter in mo- 
tion and at rest, and to follow them forth, without ever 
once losing »ght of them, into the world of the senses, and 
see them there integrating themselves in natural phenom- 
ena. With r^ard to the point uow niid^r consideration, 
we must endeavor to form a delinite image of a wave 
of sonnd. We ought to see mentally the air-particles 
when ui^ed outward bj the explosion of our balloon 
crowding closely together; but immediately behind this 
condensation we ought to see the particles separated more 
widely apart. We must, in shorty to be able to seize the 
conception that a sonorous wave eonsiets of two portions, 
in the one of which the air is more dense, and in the other 
of wliich it is less dense than usual. A condensation and 
a rarefaction, then, are the two constituents of a wave of 
sound. This conception shall be rendered more complete 
in our next lecture. 

g 2. Ej^perljnirnts in Vacuo, m Ilydivgen, and on Jfoaiin 

That sir is thus necessary to the propagation of sound 
was proved by a celebrated experiment made before the 
Royal Society, by a philosopher named Hawksl(ee, in 1705." 
He so fixed a bell within tlie receiver of an air-pniup that 
he could ring the bell when the receiver was exhausted. 
Before the air was withdrawn the sound of the bell was 
heard within the receiver ; after the air was withdrawni the 
sound Itecame so faint as to Ije hardly perceptible. An 
arrangement is before you which ennhles us to repeat in a 
very perfect manner the experiment of Ilawksbee. With- 
in this jar, gg'. Fig. 4, resting on the plate of an air-pump 
ifi a l)eH, u, associated with clock-worl'.' After the jar has 

' Aoit long previously hy Robert Bnvie, 

• A wry effective inWnimenl, prespnlfd to tlic Royul InstituUon bj Mf. 
Warren Dc La Rue. 
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been exhaosted as perfectly w poesible, I iikiMii^ bjr lu a uw 
of % md, rr*. wliidi pteses air-ti^t thiuogti tbe bip of Ae 
»!, th« deteni vhidi bidd» tbe hutuner. It jtrikes, 
n we it striking, bnt oahr thoee ckee to the bell oa 
r the MUDtl. 11 vdngen pat, wfaicfa nxi knuw k fuar- 
( li^iter (iuui air, is tww lUoved to enter tbe 
f The sound of tlie bell is not aagiBCBled W the 
e of this stti^naaled ps. tlmo^ the feee i T e r is mow 
[Tof iL Bt working the pomp, the at]tK)6|]tieiv iWUid 
s bell is iviidereil still mxre rw*. 

benaated. In tliK war ue 
obCaiD a vaeuum more perfect 
than tliat of Ilawksbee. aod 
this is important, for it is 
tlie laet traces of air that are 
ebielly effective in thie ex- 
periment. Yo« now av ihe 
liaiomer ponnding the belL t>ut 
yon bear no gouihL Eren 
when tbe ear ifi pla^red against 
exliau^eti receiver, not 
fainteet tinkle i^ h««Td. 
 alfo that the bell is 
s{>ended by strings, for if it 
s allowed to net npun the 
ite of tlie air • pump, tbe 
ibnitioDs wonid 1>e nimmuni- 
I to tbe plate, and theiK-e 
mitted to the air onUiile. 
mitting the air to enter tbe jar wtlh as litik- noise as 
seible, yon iinmedialely hear a ft*l>ie sound, wbicb 
*^mwe loader as Ibe air becomes more dense, until finally 
every p^aon in this la^ assembly distinctly heais the 
ringing of the bell.' 

:* diredmg the bvaiii of au rlccEric Ump on ^Iub txdfas ffllcd with a 
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The intensity of a sound depends on tlie density of the 
air in wliitrh the souud is generated, and not ou that of the 
air in which it ie beai-d.' Supposing the fiiimmit uf Mont 
Blanc to be equally distant from the top of t)ie Aiguille 
Verte and the bridge at Chamouni ; and supposing two 
observers stationed, the one upon the bridge and the other 
npon the Aiguille : the report of a cannon fired on Mont 
Blanc would reach both observers with the same inten^ty, 
though in the one i:a6e the sound would pursue its way 
through the rare air above, while in the other it would de- 
scend through the denser air below. Again, let a straight 
line equal to that from the bridge at Clinniouni to the 
summit of Mont Blanc be measured along the earth's sur- 
face in the valley of Chamouni, and let two observers be 
stationed, the one on the summit and the other at the end 
of the line : the report of a cannon fired on the bridge 
would reach Iwth ob8er%"ers with the same intensity, though 
in the one case the sound would be propagated through 
the dense air of the valley, and in the other cass would 
ascend through the rarer air of the mountain. Finally, 
charge two cannon equally, and fii-e one of them at Cha- 
mouni and the other at the top of Mont Blanc : the one 
fired in the heavy air lielow may l>e heard above, while the 
one fired in the light air above is nnheard below. 

§ 3, IiUeimtij of Sound. Law of Inverse Squares. 

In the case of our exploding balloon the wave of 
sound expands on all sides, the motion produced by the 
explosion being thus diffused over a continually augment- 
ing mass of air. It is perfectly manifest that this cannot 
occur without an enfeeblement of the motion. Take the 
case of a thin shell of air with a radius of one foot, 
reckoned from the centre of explosion. A shell of air of 
the same thickness, but of two feet radius, will contain 
' roiaaiiti, " HicaDique," toI. ii., p, 707. 




r times the quantity of matter ; if its rndiiis l»o three 
, it will contain nine times the qiiantity of matter ; if 
' feet, it will cuntain sixteen times the quantity of 
, and so on. Tims the quantity of matter Bet in 
1 augmenU as the &qnare of the distance from the 
B of explosion. The intensity or loudness of gound 
iinUhea in the same pru])ortion. We express this law 
lying that tlie intensity of the sound varies inversely 
Ob tfi^ gipiare of the distance. 

Let Us luok at the matter in another light. The ine- 
cuanical effect of a ball striking n target depends on two 
—the weight of tlie ball, and the velocity with which 
I moves. The effet-t is proportional to the weight simply ; 
Ht it is proportional to the sqnarc of the velocity. The 
Kjf of this is easy, bnt it belongs to ordinarj' mechanics 
tber tlian to our present suhjei-l. Kow what is tnie of 
! cannon-ball striking a target \& also true of an air- 
particle striking the tymjtannm of the ear. Fix your at- 
tention npon a particle uf air as the Eoiiud-wave passes 
over it; it is urged from its position of rest toward a 
neighbor particle, first with an accelerated motion, and 
tiien with a retarded one. The force which first urges it 
is opposed by the resistance of the air, which finally stops 
the particle and causes it to recoil. At a certain point of 
it« excursion the velocity of the particle is its maximnin. 
e inUntiiy of the sound is pr&piyrtional to the square 
fthi« maximum velocity. 

The distance through which the air-particle moves to 
i fro, when the sonnd-wave passes it, is called the am- 
itude of the vibration. The intensity of the sound is 
roportional to the square of the amplitude. 

§ 4. Corifineinent of Sound-waves in Tubes. 
This weakening of the sound, according to the law of 
a'rse squares, would not take pliice if the sound-wave 
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Ten so coofiDed its to prevent its lateral diffusion. B^ 
sending it throogfa a lube with a ^mootli interior surface 
we arcoinpli^ thi& and the ware thus eontiiied may be 
transmilieii to gmt distances with reij little dimiiiation 
of inten^ilv. Into one end of this tin tube, tifteen feet 
long, 1 whimper in « manner quite inaudible to the people 
nearest to ine, but a Iktcno' at the other end hears me 
distincllT. If « watdi be placed at one end of the tube, 
a person at the other end hears the tick^ though nobody 
else does. At the disUnt end of the tube is now placed a 
lighted candle, c. Fig. 5. VTben the hands are clapped at 
this end, the flame instantlj' ducks down at the other. 




It is not i|uite extinguished, but it is forcibly depressed^ 
When two books, b b', Fig. 5, are clapped together, the 
candle is blown out," You may here observe, in a rough 
way, the speed with which the sound-wave is propagated. 
The iu&tant the clap is heard the flame is extingulahed. 
I do not say that the time required Tiy the sound to travel 
this tube is immeasurably short, but siniply that the in- 
ternal is too short for your eenses to appreciate it. 

Tliat it is a pulse ami not a piif of air is proved by 
filling one end of tbe tube with the smoke of brown paper. 
On clapping the books together no trace of this smoke ie 
ejected from the other end. The pulse has passed through 
both smoke and air without carrying either of them along 
with it. 

' To ooDTergc itic pulsi? ii]H)n the flime, ihe tube was caused lo end in 
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An effective mode of throwing tlie propngation of a 
ralee through air has been devteed by my aasistant. The 
two endfi of a tin tube tifteea feet long are Btopped by 
sheet India-nibber stretched across them. At one end, e, 
a hammer with a spring handle rests againet the India- 
rubber ; at the other end is an arrangement for the striking 
of a bell, c. Drawing back the hammer e to a distamre 
measured on the graduated circle and Uberating it, the 

r Derated pulse is propagated through the tube, Btrikes 
e other end, drives awuy the cork termination a uf the 
FU.S. 




lever a b, and causes the hammer b to strike the bell. 
The rapidity of propagation is well illustrated here. When 
hydrogen (sent through tlie India-rubber tube h) is anhsti- 
tuted for air the bell does not ring. 

The celebrated French philosopher, Biot, observed the 
tranemiseion of sound through the empty water-pipes of 
Paris, and found that he could hold a converBation in « 
low voice through an iron tube 3,120 feet in length. The 
Jowest possible whisper, indeed, could be heard at this dis- 

mce, while the firing of a pistol into one end of the tube 

lenched a lighted caudle at the other. 

The Jiejfeotwn of Sound. HesemUances to lAghi. 
The action of sound thus illustrated is exactly the same 
i that of light and radiant heat. They, like sound, are 
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hear it. At this lower foenB, a, however, we have the energy 
of every sonorous wave converged. Placing the ear at «, 
the ticking in as audible as if the watch were at hand; the 
Bound, as in the former case, appearing to proceed, not 
from the watch itBcIf, but from the lower mirror.' 

Curved roofs and ceilings and bellying sails act as 
mirrors upon sound. In our old laboratory, for example, 
the singing of a kettle 
seemed, in certain po- 
sitions, to come, not 
from the fire un which 
it was placed, but from 
the ceiling. Incon- 
venient secrets have 
been thus revealed, an 
instance of which has 
been cited by Sir John 
Ilersehel.' In one of 
thecathed raisin Sicily 
the confessional was 
so placed that the 
whispers of the peni- 
tents were reflected by 
the ciir\'ed roof, and 
lironght to a focus at 
a distant part of the 
edifice. The focus was 
discovered byaeeident, 
and for sonie time the 
person who discovered it took pleasure in hearing, and in 
' It U recorded that u bell placed on aM eniintnce in BeligolanU fuled, 
» distance, to be heard in thx town. A puraholic reflector 
placed behind the bell, ao as to refleet the aound-waveii in ihe direilion of 
Ihe long, sloping street, caused the Btrokes or tlie bell to be distinctly heard 
al all times. This obaenation needs verificBlion. 
" Encjcloptpdia Melropolilanii," nrt, " Sound." 





ECHOES, 47 

iging his friends to hear, utterances intended for the 

ierit alone. One day, it is said, his own wife occupied 

penitential stool, and ixith he and his friends were 

ins made acquainted with Bet-rets which were the reverse 

amusing to one of the party. 

When a sufficient interval exists between a direct and 
iKdected sound, we hear the tatter as an ec^o. 

Sound, like light, may be reflected several times in 
snecession, and, as the reflected light under these circum- 
stanceG becomes gradually feebler to the eye, bo the suc- 
cessive echoes become gi-adually feebler to the ear. In 
momitain-regiona this repetition and decay of eound pro- 
duce wonderful and pleasing efl'ects. Visitors to Killarney 
will remember the fine echo in the Gap of Dnnloe. When 
a trumpet is sounded in the proper place in the Gap, the 
sonorous waves reach the ear in succession after one, two, 
three, or more reflections from the adjacent cliffs, and thus 
die away in the sweetest cadences. There is a deep cul-de- 
sac, called the Ociisenthal, formed by the great clifTs of 
tlie Kngelhomer, near Roseulaui, in Switzerland, where 
the echoes warble in a wonderful manner. The sound of 
the Alpine horn, echoed from the rocks of the Wetterhom 
or the Jungfrau, is in the first instance heard roughly. 
It by successive reflections the notes are rendered more 
't and flute-like, the gradual diminution of intensity 
giving the impression that the source of sound is retreats 
ing farther and farther into the solitudes of ice and snow. 
The repetition of echoes is also in part due to the fact that 
the reflecting surfaces are at different distances from the 
•rer. 
In large, nnfumished rooms the mixture of direct and 
'•teflected sotmd sometimes produces very curious effects. 
Standing, for example, in the gallery of the Bourse at 
Paris, yon hear the confused vociferation of the excited 
mnltilude below. Yon see all the motions — of their lips 
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as well as of their hamls and araiB. Tou know they are 
speaking — often, indeed, with vehemence, hot what they 
sa^ you know not. Tlie voices mix with their echoes into 
a chaos of noise, out of whifh no intelligible utterance can 
emerge. The echoes of a room are materially damped hy 
its furniture. The presence of an audience may also ren- 
der intelligihie speech poseible where, without an audience, 
tlie definition of the direct voice is destroyed hy its echoes. 
On the 16th of May, 1SG5, having to lecture in tlie Senate 
Honse of the University of Canihridge, I first made some 
experiments as to the loudness of voice necessary to fill the 
room, and was dismayed to lind tliat a friend, placed at a 
distant part of the Imll, could not follow nie because of the 
echoes. The assemMed audience, however, so quenched 
the sonorous wav^, tliat the echoes were practically absent, 
and my voice was plainly heard in all parts of the Senate 
Honse. 

Sounds are also said to be reflected from tlie clouds. 
Arago reports that, when the aky is clear, the report of a 
cannon on an open plain is short and sharp, while a cloud 
is sufficient to produce an echo like the rolling of distant 
thunder. The subject of aerial echoes will he subsequently 
treated at length, when it will be shown that Arago's con- 
clusion requires correction. 

Sir John Herschel, in his excellent article " Sound," in 
the " Encyclo]«edia Metropolitana," has collected with 
others the following instances of echoes. An echo in 
Woodstock Park repeats seventeen syllables by day and 
twenty by night ; one, on the banks of the Lago del 
Lupo, above the full of Temi, reiwats fifteen. The tick of 
a watch may be heani from one end of the abbey church 
of St. Albans to the other. In Gloucester Cathedral, a 
gallery of an octagonal form conveys a wliisper seven^- 
Hve feet across the nave. In the whispering-gallery of 
St. Paul's, the faintest sound is conveyetl from one side to 




the ottier of die dome, but u Df>t lieatnl at unj Jnt^-r- 
mediate point. At Cambrook Castle, id the Ule uf 
Wij^it. is a well two hundred and ten feet deep aiul 
twelve wide. The interior is lined by smoutli niaiionry; 
wIktii a pin is dropped into llie well it is distinftly bitinl 
to strike the water. Shouting nr eongliiiig into this well 
produces a reeonant ring of aoine duration. * 

§ 6. Refraction of Sound. 
Another ini{xirtant analogy* Itetween Bound and h'gtit 
iia£ been estabhiilied bv M. Sondhaoee.* When a large 
len!< Le plai-ed in front of our lamp, tlic lens coinj>ele the 
my» of light that fall upon it to deviate frotn their direct 
and divergent fourse, and to form a i'onvert;:ent cone 
behind it. Ttiie refraction of the luminous beam in a c<>ti- 
6e<[uence of the retar<latiou Buffered by the liglit in passing 




through the glass. Sound may \>e similarly refracted by 
<-ausing it to pass through a lens which relHrds its motion. 
Such a lens is formed when we fill a thin balloon with 
^<me gas heavier than air, A collodion balloon, b, Fig. 
H*. fiUed with carbouic-acid gas, the envelope being so 

' Placing hiniscir i-losi' to llio np|icr part of tlie wsll of the London 
r<>tii«««utn,  rimilir liiiiMiD); ooi^ hundrril and thirty feel in diameter, Ur. 
Whr-auione foauil a word proiiuuni-ed lo be repeated a grcaj manT tiiuea. 
A single eicbunation appcarad Uko a peal of laui;liti-r, white the tcaHoe of a 
[lii'cc of paper was liliR tlir pallcr of hail, 

* Poj^imJorff-t Aanalnt, vol. la«x»., p. 878; Philoti^lMi JKaffa*i*t, 
TiiL v., p. TB. 




thill as to yield readily to the pulses which etrilte agidnet 
it, answers the purpose.' A watch, ic, is hung up close to 
the lens, beyond which, and at a distance of four or live 
feet from the lens, is placed the ear, assisted by the glass 
taanelff. By moving the head about, a position is 
soon discovered in which the ticking is particularly loud. 
This, in fact, is the focus of the lens. If the ear be 
moved from this focus the intensity of the sound falls; 
if, when the ear is at the focus, the balloon be removed, 
the ticks are enfeebled ; on replacing the balloon their 
force is restore<]. The lens, in fact, enables us to hear 
the ticks distinctly when they are perfectly inaudible to 
the unaided ear. 

How a sound-wave is thus converged may be compre- 
hended by refercTiee to Fig, 11. Let m o Ji o' be a section 
of the sound-lens, and a 6 a portion of a sonorous wave ap- 
Pi^ ,,_ proaching it from a distance. 

a g The middle point, o, of the 

wa^■e first touches the lena, 
and ie iirst retarded by it. 
By the time the ends a and 
J, still moving through air, 
reach the iMilIoon, the middle 
point 0, pursuing its way 
through the heavier gas with- 
in, will have only reached o'. 
The wave is therefore broken at o' / and the direction of 
motion being at right angles to the face of the wave, the 
two halves will encroach upon each other. This conver- 
gence of the two halves of the wave is augmented on quit- 
ting tlie lens. For when o' has reached <?*, the two ends a 
and S will have pushed forward to a greater distance, say 
to a' and }'. Soon afterward the two halves of the wave 
will cross .each other, or in otlicr words come to a focus, 
' Tbiu India-rubber balluoas al»o Turni uceUenl Aouiul-leUieA, 
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^^Hie air at the focus being a^tated b; the sum of tlic mo- 
^^HoDS of the two waves.' 

r§7- 
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of Sound: illugiratUms offered hy great 
KrpUmons. 
When a long sea-roller meets an kolated rock in its 
passage, it rises against the rock and embraces it alt round. 
Facts of this nature t-aused Newton to reject the undiila- 
Ty theory of light. He contended that if light were a 
net of wave-motion we could have no slitidows, be- 
eaose the waves of light woidd propagate themselves 
round opatjue bodies as a wave uf water round a rock. It 
has been proved since his time that tie waves of light do 
bend round opaque bodies ; but with that we have nothing 
BOW to do. A sound-wave certainly liends tints round an 
obstacle, though as it diffuses itself in the air at the back 
the obstacle it is enfeebled in power, the obstacle thus 
lucing a partial shadow of the sound. A railway-train 
ling through cuttings and long embankments exhibits 
X variations in tho intensity of the sound. The inter- 
ition of a hill in the Alps suffices to dimiuish materi- 
ly the sound nf a cataract ; it is able sensibly to extin- 
lish the tinkle of tho cow-bells. Still the soimd-ehadow 
ie but partial, and the marker at the rifle-butts never fails 
to hear the explosion, though he is well protectei:l from the 
ball. A striking example of tliis diffraction of a sonorous 
wave was exhibited at Erith after the tremendous explosion 
of a powder magazine which occurred there in 1864. The 
village of Erith was some miles distant from the magazine, 
but in nearly all cases the windows were shattered ; and it 
was noticeable that the windows turned away from the 
origin of the explosion suffered almost as itiucb as those 



' For the sake of simplicity, the nat 
btWes Btniiglil. TliL' surface or the (■ 
N conrnrilf turno-l ia t!ie direction of i 



cally a curve, with 
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wliii'Ji faced it. Lead sanies were employed in Eritli 
tJliiirch, and these, being in some degree flexible, enabled 
tiio windows to yield to presanre without iiidcIi fracture of 
tim filiuw. As the stmnd-wave reached the ehurch it sepa- 
niU\l rij;ht and k>fl, antl, for a moment, the edifice was 
eliwiHHi by a giiiJIe of intensely conipreesed air, every 
window in tlie church, front and back, being bent hiward. 
After conipreseiuu, the air within the churcli no doubt 
diltttinl, tontliiii; to restore the windows to their first condi- 
tion. The bending in of the windows, however, produced 
but u Hniall condensation of the whole mass of air within 
tlte t'liiirch ; the recoil was tlierefore feeble in comparison 
witli tlm pressure, and insufficient to undo what the'latter 
luul accumplisliod. 

§ 8. Veiivity <yf Sound : illation to Denaiit/ and Elas- 
tU'ityofAir. 

Two conditions dotimnine the velocity of propagation 
of a sonontus wave ; namely, the elasticity and the density 
of the metlinm ibiiiugb which the wave passes. The elas- 
ticity of air is measnretl by tlie pressure which it sustains 
or can hold in uipiilibrium. At the sea-level this pressure 
is oijual to that of a stratum of mercury about thirty 
inches higii. At the summit of Mont Blanc the baro- 
metric column is not much more than half this height; 
and, consequently, the elasticity of the air upon the sum- 
mit of the niuimtain is not much more than half what it is 
at the sea^level. 

If we could augment the elasticity of air, without at 
the same time augmenting its density, we should augment 
the velocity of sound. Or, if allowing the elasticity to 
remain constant we could diminish the density, we should 
augment the velocity. Now, air in a closed vessel, where 
it cannot expand, has its elasticity augmented by heat, 
while its density remains unchanged. Through such heat^lL. 
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sound travels more rapidl; than throu^ cold air. Again, 

free to expand has it& densitr le«^tit<i bj wanning, iU 
elasticity remainiog the same, and tlirough suoli airsunnd 
travels more rapidly tban through cold air. This is the 
case with our atmosphere when heated by the enn. 

The velocity of st^uud in air, at lAf frtt^ng tanpem- 
1,090 feet a aecond. 

At all lower temperatures the velocity is less than this, 
and at all higher temperatures it is greater. The late M. 
Wertheim has determined the velocity of eonnd in air of 
different tempeiatare», and here are some of his resulta : 
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0-6* centigrade t.0«9 feet. 

ilO " I.Ml " 
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At a temperatnre of lialf a degree above the freering- 
point of water the velocity is 1.0i*9 feel a second^ at a 
temperature of 26-6 degrees, it is l.l+l feet a second, or 
difference of 51 feet for 26 degrees ; that is to say, an 
nentation of velocity of nearly two feet for every sin- 
.^^ degree centigrade. 

With the same elasticity the density of hydrogen gas 
is mnch less thau tliat of air, and the consequence is Ihnt 
the velocity of sound in hydrogwn far exceeds its velocity 
". The reverse holds good for heavy carbonic-acid 
If density and elasticity vary in the same proportion, 
the law of Boj'le and Mariotte proves thcni to do in air 
len the tem|>erHture is preserved constant, they nentraltze 
other's effects ; hence, if the temperature were the 
le, the velocity of sound upon the summits of the high- 
Alps would be the same as that at the mouth of the 
lamee. But, inasmuch as the air above is colder than 
it below, the actual velocity on the summits of the moun- 
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taiiiB is lese than tliat at the sea-level. To express tins re- 
sult in sti'icter language, the velocity is diiiKUy propor- 
tional to the square root of the elasticity of the air ; it ia 
also inversely proportional to the square root of the den- 
sity of the air. Cunseqnently, as in air of a constant 
temperature elasticity and density vary in the same pro- 
portion, and act oppositely, the velocity of sound is not 
affected by a change of density, if unatvorajwinied hy a 
change of temperature. 

There is no mistake more common than to suppose the 
velocity of sound to be augmented by density. The mis- 
take has arisen from a misconception of the fact tliat in 
solids and liqui<Is the velocity is greater than in gases. 
But it is the higher elasticity of those bodies, in relation 
to their densitij, that causes soimd to pass rapidly through 
them. Other tilings remaining the same, an augmentation 
of density always produces a diminution of velocity. Were 
the elasticity of water, which is measured by itscompresa- 
bility, only equal to that of air, the velocity of sound in 
water, instead of Iwing more than quadruple the velocity 
in air, would be only a small fraction of that velocity. 
Both density and elasticity, then, nmst be always borne in 
mind ; the velocity of sound being determined hy neither 
taken separately, but by the relation of the one to the 
other. The effect of small density and high elasticity is 
exemplitiod in an astonishing manner by the luminiferons 
ether, which transmits the vibrations of light — not at the 
rate of so many feet, but at the rate of nearly two hundred 
thousand miles a second. 

Those who are unacquainted with the details of scien- 
tific investigation have no idea of the amount of labor 
expended in the determination of those numbers on which 
important calculations or inferences dcjiend. They have 
no idea of the patience shown by a Berzelius in detei^ 
mining atomic weights; by a Begnault in determining 
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coefficieots of expstxeion ; or by a Joule in determining 
the mechanical eniiivalent of lieat. There is a morality 
brought to bear upon such matters which, in point of Be- 
verity, k probably without a parallel in any other domain 
of intellectual action. Thns, as regards the determiuation 
of the velocity of Bonnd in air, hours might be tilled with 
a simple statement of the efforts made to establish it with 
precision. The qneetion has occupied the attention of 
experimenters in England, France, Germany, Italy, and 
Holland. But to the French and Dutch philosophers we 
owe the application of the last refinements of eirperimental 
skill to the solution of the problem. They neutralized 
effectnally the influence of the wind ; they took into 
account Iwrometric pressure, temperatm'e, and hygrometric 
condition. Sounds were started at the same moment from 
o distant stations, and thus caused to travel from station 
station thrcmgh the self-same air. The distance between 
statious was determined by exact trigonometrical ob- 
ttions, and means were devised formeasuring with the 
i08t accuracy the time required by the sound to pass 
im the one station to the other. This time, expresseti 
in seconds, divided into the distance expressed iu feet, gave 
1,090 feet per i>ecotid as the velocity of sound through air 
at the temperature of 0° centigrade, 

Tlie time required by light to travel over all terrestrial 
distances is practically zero ; and iu the experiments just 
iferred to the moment of explosion was marked by the 
of a gun, the time occupied by the sound in passing 
from station to station being the intor\'al observed between 
the appearance of the flash and the arrival of the sound. 
Tlie velocity of sound in air once established, it is plain 
that wo can apply it to the determination of distances. 
By observing, for example, the interval between the ap- 
■ance of a fla,sh of lightning and the arrival of the sc- 
ipAnying thunder-peal, we at once determine the dis- 
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tunce of the place of diBcliargc. It is otilj 

vfti between the flash and peal is short that danger froin 

lij^htiiiug is to be apprehended. 

§ 9. 7'heorH'ic Velocity calculated hj Newton. 
L»2>l4ux'a Correction. 
We now conio to one of the most deliente poiuta in the 
whole theory of isoiind. The velocity through air has been 
determined by dii-ect exiK-riinent ; but knowing tlie elas- 
ticity and density of the air, it is possible, witliout any 
experiment at all, to cAleulate the velocity with which a 
sound-wave is transmitted through it. Sir Isaac Newton 
mmlu this calculation, and fonnd the velocity at the freez- 
ing toniiK-mture to be 916 feet a second. This is about 
onc-8i.vt)i less than actual observation had proved the 
velocity to bo, and the most curionH suppositions -were 
no. 11 made to account for the discrepancy. Newton 
liimself threw out tlie conjec'tun! that it was only 
in passing from particle to parlicle of the air tlist 
sound required time for its transmission ; that it 
moved instantaneously through the partid'ee them- 
nfftvs. He then supposed the line along which 
sound passes to be occupied by air-particlee for 
one-sixth of its extent, and thus he sought to make 
gooii the miBsing velocity. The very art and 
ingenuity of this assuTuption were sufficient to 
thr<jw doubt on it ; other theories were therefore 
advanced, but the great French mathematician 
Lapla<"e was the first to completely solve the 
enigma. I shall now endeavor to make yon 
thoroughly acquainted with his solution. 

Into thia strong cylintlcr of glass, t r, Fig. 

12, which ia accurately boi-cd, ami (juite smooth 

within, tits an air-tight piston. Dy pushing the 

pbton down, I oundenae the air beneath it, heat being ftt 
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tlie same time developed. A scrap of amadou attached 
to the bottom of the pistoo is ignited bj tlie heat geoer- 
ated by compreBsioii. If a bit of cotton wool dipped 
into bieolphide of carbon be attached to the piston, when 
the latter ia forced down, a flaeh of light, dut to the igni- 
tion of the bisnlphide of carbon vapor, ia observed within 
the tube. It ia thus proved that when air is compressed 
heat is generated. By another experiment it may be shown 
that when air is rarefied cold is developed. This brass 
box contaioB a quantity of condensed air. I open the cock, 
and penoit the air to discharge itself against a saitable 
thermometer ; the sinking of the instrument immediately 
declares the chilling of the air. 

All that yon have heard regarding the transmission of 
a sonorous poise throngh air is, I trust, still fresh in yonr 
minds. As the pulse advances it squeezes the particles of 
air together, ami two results follow from this compression. 
Firstly, its elasticity is augmented through the mere aug- 
mentation of its density. Secondly, its elasticity is ang 
inented by the heat of compression. It was the change oJ 
elasticity which resulted from a change of density that 
Newton took into account, and he entirely overioolted tbe 
Augmentation of elasticity due to the second cause just 
mentioned. Over and above, then, the elasticity involve<l 
in Newton's calculation, we have an additional elastidty 
due to changes of temperature produced by the sound-wave 
itselC When both are taken into account, the calcnlated 
and the observed velocities agree perfectly. 

But here, without due caution, we may fall into the 
gravest error. In fact, in dealing with Nature, the mind 
miiat be on the alert to seize all her conditions ; otherwise 
we soon learn that our thoughts are not in Hccordance with 
her facte. It is to be particularly noted that the augmen- 
^Adoii of velocity due to the changes of temperature pro- 
Ar.cvt\ by the eonoroue wave itself i^ totally different ,from 
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the augmentation aruiug from the heating of the general 
rnass of the air. The average temperature of the air is 
iiiichauged by the waves of sound. We cannot have a con- 
densed pulse without having a rarefied one associated with 
it. But in tlie rarefaction, the temperature of the air is 
Qs much lowei'ed as it is raised in the condeDsation. Sup- 
posing, then, the atmosphere parceled out into such con- 
densations and rarefactions, with their respective tempers 
tures, an extraneous sound passing through such an stmos- 
phere would be as much retarded in the latter as accel- 
erated in the former, and no variation of the average 
velocity could result from such a distribution of temper- 
ature. 

Whence, then, does the augmentation pointed out by 
Laplace arise ! I would ask jour best attention while I 
endeavor to make this knotty point clear to you. If air 
be compressed it becomes smaller in volume; if the press- 
ore be diminished, the volume expands. The force 
which resists coinpression, and which produces expansion, 
is the elastic force of the air. Thus an external pressure 
squeezes the air-particles together ; their own elastic force 
holds them asunder, and the particles are in equilibriom 
when tliese two forces are in equilibrium. Hence it is 
that the external pressure is a measure of the elastic force. 
Let the middle row of dots, Fig. 13, represent a series of 
air-jiarticles in a state of quiescence between the points a 
and X. Then, because of the elastic force exerted between 
the particles, if any one of them be moved from its poei- 
Uon of rest, the motion will be transmitted through the 
entire series. Supposing the particle o to be driven by the 
prong of a tuning-fork, or some other vibrating body, tow- 
ard ai, so as to be caused finally to occupy the position a' 
in the lowest row of particles : at the inst:iiit the excur- 
siim of a commences, its motion begins to be transmitted 
to 6, In the next lollowing moments h I 
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motion to e, e to d, d to e, and bo on. So that by the 
time a has reached the position a', the motion will have 
been propagated to some point 0' of the tine of particlea 
more or less distant from a'. The entire series of particles 
between a' and 0' iB then in a state of condensation. The 
distance a' 0', over which the motion has traveled during 
the excursion of a to a', will depend npon the elastic 
force exerted between the particles. Fix jour attention 
on any two of the particles, say a and J. The elastic 
force between them may be figured aa a spiral spring, anc 
it is plain that the more flaccid this spring the more 
•Inggish would be the com muni cation of the motion from 


 
1 


^M to 6 ; white the stiffer the spring ilio more prompt woult 

^Be the communication of the motion. What is true of 

^Kod } is true for every other pair of particles between a 

^^k)d 0. Kow the spring between every pair of these par 

^Kcles is evddenly stij'ened by the heat developed along 

^Rhe line of condensation, and hence the velocity of prop 

Higatinn is augmented by this heat. Reverting to on 

P oW experiment with the row of boys, it is as if, by tht 

very act of pushing bis neighbor, the muscular rigidit; 

of each boy's arm was increased, thus enabling him tti 

deliver his push more promptly than he would have done 

wiihont this mci-ease of rigidity. The coTidemed portion 

of a sonorous wave is propagated in the manner here 

def-cribed, and it is plain that the velocity of propagation 

ia angnicnted by the lic^ii developed in the condensation. 
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Let hb now turn our thoughts for a moment to the 
propagation of the rarefaction. Supposing, as before, the 
mi Jdle row a a; to represent the particles of air in equilib- 
rium uuder tlie pressure of tlie atmosphere, and suppoBe 
the particle a to be suddenly di-awn to the right, so as to 
occupy the position a" in the hijjhest line of dots : a" is 
immediately followed by b", b" by o", o" by d", d" by e" ; 
and thus the rarefaction is propagated backward toward 
w", reaching a point o" in the line of particles by the time 
 a has completed its motion to the right. Now, why does 
I/" follow a" when a" is drawn away from it ! Mauifeatly 
bocause the elastic force exerted between b" and a" is leee 
than that between b" and o". In fact, b" will be driven 
after a" by a force equal to the difference of the two 
elasticities between a" and b" and between h" and c". The 
same remark applies to the motion of c" after i'\ to that 
of d" after c", in fact, to the motion of each succeeding 
particle when it follows its predecessor. The greater the 
difference of elasticity on the two sides of any particle the 
more promptly will it follow its predecessor. And here 
observe what the eofd of rarefaction accomplishes. In ad- 
dition to the diminution of the elastic force between a" 
and b" by tlie withdrawal of a" to a greater dietauco, there 
is a further diminution due to the lowering of the tem- 
perature. T/i^ cold dew^oped augments the difference of 
elastic force on whwh the propagation of the raref action 
depends. Thus we see that because the heat developed in 
Ihe condensation augments the rapidity of the condensa- 
tion, and because the cold developed in the rarefaction 
augments the rapidity of the rarefaction, the sonorous 
wave, which consists of a condensation and a rarefaction, 
must have its velocity augmented by the heat a-nd the cold 
which it develops during its own progress. 

It is worth while fixing your attention here upon the 
fact that the distance a' o' to which the motion has been 
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§ 10. Saiio of Speoifio Heats of Air deduced fro 

'f of Sound. 



propagated while a is moving to the position a' ma^ be 
vastly greater than that passed over in tlie earae time by 
the particle itself. The excursiou of a' may not be more 
than a small fraction of an inch, while the distance to which 
the motion is transferred during the time required by a' to 
perform this small excursion may be many feet, or even 
many yards. If this point should not appear altogether 
plain to yon now, it will appear eo by-anJ-by. 

I 

^H Having grasped this, even partially, I will ask you to 
IpKompany me to a remote comer of the domain of physiea, 
vith the view, however, of showing that remoteness does 
not imply discontinuity. Let a certain quantity of air 
at a temperature of 0°, contained in a perfectly inespao- 
sible vessel, have its temperature raised 1°. Let tlie same 
quantity of air, placed in a vessel which permits the air 
to expand wlien it is heated — the pressure on the air be- 
ing kept constant during its expansion — also have its tem- 
perature raised 1°. The quantities of lieat employed in 
the two cases are different. The one qnantity expresses 
^Hvliat is called the specific heat of air at constant volume ; 
^^Be other the specific heat of air at constant pressure.* 
^Ht is an instance of the manner in which apparently nn- 
related natural phenomena are bound together, that from 
(he calculated and observed velocities of sound in air we 
i-an deduce the ratio of these two specific heats. Squaring 
Newton's theoretic velocity and the ol>6crved velocity, and 
dividing the greater square by the less, we obtain the ratio 
d to. Calling the specific heat at constant rolume 
1 tliat at constant pressure C'; calling, moreover, 
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Newton's calculated velocity V, and the obaerved velooitj 
V, Laplace proved Umt — 



2 

c  



V" 



Inserting the values of T and V in this equation, lyd 
making the calculation, we find — ^^M 



ThuB, without knowing either the specific heat at con- 
stant volume or at conBtant pressure, Laplace found the 
ratio of the greater of them to the less to be 1'42. It is 
evident from the foregoing formulffi that the calculated 
velocity of sound, multiplied by the square root of this 
ratio, g^ves the observed velocity. 

But there is one assumption connected with the deter- 
mination of this ratio, which must be here brought dearly 
forth. It is assumed that the beat developed by compres- 
sion remains in the condensed j>ortion of the wave, and 
applies itself there to augment the elasticity ; that no por- 
tion of it is lost by radiation. If air were a powerful 
radiator, this assumption could not stand. The heat de- 
veloped in the condenaation could not then remain in the 
condensation. It would radiate all round, lodging itself 
for the most part in the chilled and rarefied portion of the 
wave, which would be gifted with a proportionate power 
of absorption. Hence the direct tendency of radiation 
would be to equalize the temperatures of the differ^it 
parts of the wave, and thus to abolish the increase of ve- 
locity which called forth Laplace's correction.' 

' In twt, the prompt Bbatracrtion of the motion of heit from the ooadenw- 
Uon, and its prompt comiQunicitioa to tbc rarcfHcliou bj the contiguous 
hUDlniferous ether, would prevent the former from ever ri«ing bo higb, or th* 
taller from eier falling au low, in temperature u It would do if the power oF 
ndlkliuu W.1S nbamt. 
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1 11. Mechanical Equivalent of Meat deduced Jr</tn 
Velocity of Sound. 



The question, then, of the correctness of this ratio iu- 
tolves the other and apparently incongruous qneetion, 
whether atmoBpheric air possesses any Eeiisible radiative 
power. If the ratio be correct, the practical absence of 
radiative power on the part of air is demonstrated. How 
then are we to ascertain whether the ratio is correct or 
noti By a process of reasoning which illustrates still fur 
tber how natural agencies are intertwined. It was thia 
ratio, looked at by a man of genius, named Mayer, which 
helped him to a clearer and a grander conception of the 
relation and interaction of tlie forces of inorganic and or- 
ganic nature than any philosoplier up to his time had at- 
tained. Mayer was the first to see that the excess 042 of 
the specific heat at eonstant pressure over that at constant 
volume was the quantity of heat consumed in the work per^ 
formed by the expanding gas. Assuming the air to be 
confined laterally and to expand in a vertical direction, in 
which direction it would simply have to lift the weight of 
the atmosphere, he attempted to calculate the precise 
amoant of heat consumed in the raising of this or any other 
weight. He thus sought to determine the " mechanical 
equivalent" of heat. In the combination of his data his 
mind was clear, but for the numerical correctness of these 
data he was obliged to rely upon the experimenters of his 
ago. Their results, though approximately correct, were not 
so correct as the transcendent expeiimental ability of Ke- 
gnault, aided ly the last refinements of constructive Bkill, 
afterward made them. Without changing in the slightcet 
degree the method of his thought or the structure of his 
calculation, the simple introduction of the exnct nuuerical 
data into the formula of Mayer brings out tne true m& 
shanical equivalent of heut. 
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But bow are we able to apeak thns confidently of the 
iccuvimy of this equivalent ? We are enabled to do so b^- 
tbe labors of an Englishman, who worked at this subject 
conteiuporaueousl; with Mayer ; and who, while animated 
by the creative genius of his celebrated German brother, 
enjoyed also the opportunity of bringing the inspiratdona 
of that genius to the test of experiment. By the immortil 
experiments of Mr, Joule, the mutual convertibility of me- 
chanical work and heat was first condusively estabhshed. 
And " Joule's equivalent," as it is rightly called, consider- 
ing the amount of resolute labor and skill expended in its 
determination, is almost identical with that derived from 
the formula of Mayer, 

§ 12, Ahsawe of Radiative Power of Air deduced from 
Ydociiy of Somtd. 

Consider now the ground we have trodden, the curious 
labyrinth of reasoning and experiment through which we 
have passed. We started with the observed and calculated 
velocities of sound in atmospheric air. We found Laplace, 
by a special assumption, deducing from these velocities 
the ratio of the specific heat of air at constant pressure to 
its specific heat at constant volume. We found Mayer 
calculating from this ratio tbe mechanical equivalent of 
heat; finally, we found Joule determining the same 
equivalent by direct experiments on the friction of solids 
and liquids. And what is the result ) Mr, Joule's experi- 
ments prove tlie result of JIayer to be the true one ; they 
therefore prove the ratio determined by Laplace to be 
the true ratio; ami, because they do this, they prove at 
tbe same time tlie practical absence of radiative power in 
iitmospherie air. It seems a long step from the stirring 
of water, or the rubbing together of iron plates in Joule's 
experiments, to the radiation of the atoms of our atin%. 
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phere ; both questions are, however, connected by the lin6 
01 reasoning here followed out. '■ 

But the true physi<;al philosopher never rests content 
I with an inference when an experiment to verify or eontra- 
\ rene it is possible. The foregoing argoment is cliaebed 
bv bringing the radiative power of atniogpheric air to a 
direct test. ^Vllen this is done, experiment and reasoning 
are found to agree; air being proved to be a body sensibly 
devoid of radiative and absorptive power.' 
I But here the experimeuter on the transmissiou of sound 
I through gases needs a word of warning. In Laplace's day, 
and long subsequently, it was thought that gases of all 
kinds possessed only an infinitesimal power of radiation ; 
but that this is not the case, is now well established. It 
would be rash to sseuine that, in the case of such bodies as 
L ammonia, aqneoua vapor, sulphurous acid, and defiant gaa, 
' their enormons radiative powers do not interfere with the 
application of the formula of Laplace. It behooves us to 
inquire whether the ratio of the two specific heats deduced 
from the velocity of sound in these bodies is the true ratio ; 
and whether, if the true ratio could be found by other 
metliods, its square root, multiplied into the calculated 
velocity, would give the observed velocity. From tlie 
moment heat first appears in the condensation and cold in 
the rarefaction of a sonorous wave in any of those gases, 
the radiative power comes into play to abolish the differ^ 
ence of temperature. The condensed part of the wave is 
on this account rendered more flaccid and the rarefied part 
tees flaccid tlian it would otherwise be, and with a suffi- 
ciently high radiative power the velocity of sound, instead 
I of coinciding with that derived from the formula of La- 
I place, must approximate to that derived front the more 
I timple formula of Newton, 
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§ 13. Vdooity of Sound thivugh Gases, Ltqutda, 
and Solids, 

To complete our knowledge of the transmission of sociid 
tliroiigh gases, a table is here added from the excellent le- 
BGarebes of Dulong, who employed in liis experiments a 
method which sliall be subsequently explained: 



Air l.oaafoeL 

Oiygen 1,040 " 

Hydroprai 4,IM " 

Oubonic Bcid BS8 " 

Cttrboalo oilde 1,107 " 

Protoiide of mii^cn 85B " 

Olefimalgu, 1,030 " 

iccording to theoiy, the velocities of sonnd in oxygen 
and hydrogen are inversely proportional to the square roota 
of the densities of the two gases, We here find this theo- 
retic deduction verified by experiment. Oxygen being six- 
teen times heavier than hydrogen, the velocity of sound in 
tlie latter gas ought, accoixiing to the above law, to be four 
times ita velocity in the former ; hence, the velocity in oxy- 
gen being 1,040, in hydrogen calculation would malie it 
4,100. Experiment, we see, makes it 4,1C4. 

The velocity of sound in liquids may be determined 
theoretically, as Newton determined its velocity in air; 
for the density of a liquid is easily determined, and ita 
elasticity can be measured by subjecting it to compression. 
In the case of water, the calculated and the observed 
velocuties agree so closely as to prove that the changes of 
temperature produced by a sonnd-wiive in water have no 
senaible influence upon the velocity. In a series of mem- 
orable experiments in the lake of Geneva, MM. Colladon 
and Sturm determined the velocity of sound throngh 
water, and made it 4,708 feet a second. By a mode ol 
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experiiD^it wltich jou will subeeqoetiU; be sUe to coin- 
prebend, the late M. 'VTerthedm determiDed the relod^ 
through Tarioua liquid^ and in the following uble 1 hare 
collected his results : 
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We team from this table that sound travels with dif> 
ferent velocities through different liquids; that a salt 
dissolved in water augments the vetooity, and that tlie 
bbU which produces the gi-eateat aogiiieulation is chloride 
of calcium. The experiments also teach us that in water, 
ae in air, the velocity augments with the tempeniliire. At 
a temperature of 15* C, for example, the velocity in Seine 
water is 4,T14 feet, at 30" it is 5,013 feet, and at 60° 
fi,65T feet a second. 

I have said that from the compressihilitj of a liquid, 
determined by proper measurements, the velocity of sound 
through the liquid may be deduced. Conversely, from the 
velocity of sound in a liquid, the compressibility of the 
liquid may be deduced. Wertheim compared a series of 
compressibilities deduiied from his experiments on sound 
with a similar series obtained directly by M. Gragsi. Tiie 
agreement of both, exhibited in tlie following table, is a 



strong conflnnstion of tlie accuracy of the method piu-siicd 
by Wertheim ; 
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The greater the rceistance which a liquid offei-s to com- 
preeeion, the more promptly and forcibly will it return 
to its original volume after it has been compressed. The 
less the compresability, therefore, the greater is the elas- 
ticity, and consequently, other things being equal, tlie 
greater the velocity of sound through the liquid. 

We have now to examine the transmission of sound 
tlirough solids. Here, as a general rule, the elasticity, as 
compared with the density, is greater than in liquids, and 
consequently the propagation of sound is more rapid. In 
tlie following table the velocity of sound through various 
metals, ae determined by Wertheim, is recorded : 
VKtocnr or Soosn thbodou Mktau. 
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Ab a general rule, the velocity of sound through metala 
is diminished by augmented temperature ; iron is, bow- 
over, a striking exception to this rule, but it is only within 
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IMFLDENCE OF MOLECDLAR STRUCTURE. «9 

ceruin limits an exception. While, for example, a rise 
of temperature from 20" to 100" C. in the case of copper 
causes the velocity to fall from 11,666 to 1U,802, the eaiue 
rise produces in the case of iron an increaee of velocity 
irova 16,SS2 to 17,3S6. Between 100° and 20U°, however, 
we see tLat iron falls from tlie last figure to 13,483. lu 
Iron, therefore, up to a certain point, the elasticity is aug- 
mented by heat; beyond that poiTit it is lowered. Silver 
ia also an example of the same kind. 

The difference of velocity in iron and in air may be il- 
lustrated by the following instructive experiment : Choose 
one of the longest horizontal bars employed for fencing in 
Hyde Park ; and let an assistant strike the i)ar at one end 
while the ear of the observer is held close to the bar at a 
considerable distance from the point struck. Two sounds 
will reach the ear in succession ; the tirst being transmit- 
ted through the iron and the second through the air. This 
effect was obtained by M. Biot, in his experiments on the 
iron water-pipes of Paris. 

The transmission of sound through a solid depends 
on the maimer in which the molecules of the solid are 
arranged. If the body be homogeneous and without 
stmcture, sound is tmnsmitted through it eqnally well in 
ftU directions. But this is not the case when the body, 
wiiether inorganic like a crystal or organic like a tree, 
possesses a definite structure. This is also true of other 
things than sound. Subjecting, for example, a sphere of 
wood to the action of a magnet, it is not equally aSectcd 
in all directions. It is repelled by the pole of the magnet, 
,|nit it is most strongly repelled when the force acts along 
le fibre. Heat also is conducted with different facilities 
in different directions through wood. It is most freely 
conducted along the fibre, and it passes more freely across 
the ligneous layers than along them. Wood, therefore, 
iAree unequal axea of caloriHc condaction 
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70 BODND. 

These, esfablislied by myself, coincide with the axes of 
elasticity discovered by Savart. MM. "Wertheim and 
Chevandier have determined the velocity of sound along 
these thi-ee axes and obtained the following results : 
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6.0:18 
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2,987 
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Separating a cube from the bark-wood of a good-sized 

Ireo, where the rings for a short distance may he regai-ded 

m. 14. as straight: then, if a r, Fig. 

14, be the section of the tree, 

velocity of the sound in 

the direction m n, through 

y\ji such a cube, is greater than 

in the direction a b. 

The foregoing table strik- 
ingly illustrates the influence 
of molecular stmcture. The 
gi-eat majority of crystals show 
differences of the same kind. 
Such bodies, for the most pait, 
b&ve their inoleoules arranged in different degrees of 
proximity in diiferent directions, and where this occiire 
there are sure to be differences in the transmission and 
manifestation of heat, light, electricity, magnetism, aiwi 
Bound. 
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HOOKE'3 ASTICIPATION OF TEE STETCOSCOPE. 

g 14. Hookas Aniicipaiion of the Stel/wscope. 
T will conclude this lecture on tlie transmission of sound 
throiigb gaeee, liquids, and eolids, by a qnaint and beauti- 
ful extract from the writings of that admirable thinker, 
Dr. Robert Ilooke. It will he notifcd that the philosophy 
i of the atethoacope is enunciated in the following passage, 
r and another could hardly be found which illustrates bo 
1 well that action of the acientilic imagination which, in all 
f great investigators, is the precursor and associate of ex- 
\ periment: 

" There may also be a possibility," writes Hoobe, "oi 

discovering the internal motions and actions of bodies by 

the sound they make. Wio knows but that, as in a watch, 

we may hear the beatiug of tlie balance, and the running 

of the wheels, and the striking of the hammers, and the 

grating of the teeth, and multitudes of other noises ; 

who knows, I say, but that it may he possible to discover 

. the motions of the internal parts of bodies, whether ani- 

[ mal, vegetable, or mineral, by the sound they make ; that 

one may discover the works performed in the several 

offices and shops of a man's body, and thei^eby discover 

what instrument or engine is out of order, what works are 

going on at several times, and lie still at others, and the 

Uke; that in plants and vegetables one might discover by 

the noise the pumps for raising the juice, the valves for 

stopping it, and the rushing of it out of one parage into 

another, and the like 1 I could proceed further, but me- 

thinke I can hardly forbear to biuah when I consider how 

the most part of men will look upon this : but, yet again, 

r I have this encouragement, not to think all these things 

I utterly impossible, though never so much derided by the 

I generality of men, and never so seemingly mad, foolisli, 

 and phantaatie, that as the thinking them impossible ean- 

I not much improve my knowJecigc, so the behoving them 

IpoBsible niay, perhiips^ bo an occasion of taking notice of 
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TLese, establislied bj myself, coincide with the axes of 
elasticity disco vored by Sarart. MM. Wertheim and 
Chevandier bave determined the velocity of Bound along 

lliese tUree axes and obtained the following results : 

Velocity or Soumi in Wcwd. 
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4,B16 
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Separating a cube from the bark-wood of a good-sized 
tree, where the ringa for a short distance may be regai-ded 
Fm. 14. as straight: then, if a e, Fig. 

14, be the section of tlie tree, 
the velocity of tbe sound in 
the direction w, n, through 
such a cube, is greater than 
in the direction a h. 

The foregoing tabic strik- 
ingiy illustrates the influence 
of molecular structure. The 
great majority of crystals show 
differences of the same kind. 
Such bodies, for the most pai-t, 
have their molecules arranged io different degrees of 
proximity in different directions, and where this occun 
there are sure to be differences in the transmission and J 
manifestation of heat, light, electricity, mngnetism, 
sound. 
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Bucli things as another would pass by without regard ae 
useless. And Boinewliat more of encoiimgemeut I have 
ilso from experience, that I have buen able to hear very 
plainly the beating of a man's heart, and it is common to 
hear the motion of wind to and fro in the guts, and other 
anmll vessels; the stopping of the lungs is easily discov- 
ered by the wheezing, the stopping of the head by tlio 
humming and whistling noises, the slipping to and fro of 
the joints, in many cases, by crackling, and the like, as to 
the working or motion of the parts one among another ; 
niethinks I could receive encouragement from hearing the 
hissing noise made by a corrosive menstruum in its opera- 
tion, the noise of fire in dissolving, of water in boiling, of 
the parts of a beil after that its motion is grown quite in- 
visible as to the eye, for to me these motions and the other 
seem only to difEer secundum ma^U minus, and bo to their 
becoming sensible tiiey require either that tlieir motions 
be increased, or that the organ be made more nice and 
powerful to sensate and distinguish them." 



NOTE ON THE DIFFRACTION OF SOUND. 
Tho recent eiploaion of & powiipr-laden bsrge in the Regent's Park 
pro<laced cSecli similar hi those mentioned in g T. The Bounil-irBre bent 
round bouses and broke the <riDdowB at the hacb, tlie cnalesconce of dif- 
ferent portions of the wuve at special points being marked by intensified 
loual action. Otose to the place where the eiptoaian oi:eurre<l tbe uncon- 
Bnmed gunpowder was io the wave, and, as a contfcqueoce, the dismnullcd 
^tvk eloper's lixige was girdled all roiu.d bj a blnek belt of imrbon. 





SUMMARY OF CHAPTER I. 

Tde Bound of an explosion is propagated as a wave oi 
pid^e throiigb tlie air. 

Tiiis wave impinging npon the tympanic membmne 
causes it to sliiver, its tremors are trausmitted to tlie au- 
ditory nerve, and along the auditory nerve to the brain, 
where it announces itself as sound. 

A sonorous wave consisti* of two parts, in one of which 
the air is condensed, and in the other rarefied. 

The motion of the sonorous wave must not be con- 
founded with the motion of the particles which at any 
moment form the wave. During the passage of the wave 
every particle concerned in its transmisBion makes only a 
small excursion to and fro. 

The length of this excursion is called the amplitude of 
e vibration. 
Sonnd cannot pass through a vacuum. 
A certain sharpness of shoct, or rapidity of vibration, 
I IB needed for the production of sonorous waves in air. It 
) fetill more neteseary in hydrogen, because tlie greater 
[ mobility of this light gas tends to prevent the formation 
[• of condensations and rarefactions. 

Sound is in all respoets reflected like light ; it is also 
I refntcted like light ; and it may, like light, be condensed 
I bj suitable lenses. 

Sound is also ditfracted, the sonorous wave bending 
round obstacles ; such obstacles, however, in part shade off 
the sound. 

Echoes are produced by the reflected waves of sound 



In regard to sound and the medium through wliich 
it passes, four diatiiict things are to he home in mind — , 
intensity, velocity, elasticity, and density. 

T]ie iutenaity is proportional to the square of the am- 
plitude as above defined. 

It is also proportional to the square of tlie maximum 
velocity of the vibrating air-particles. 

"Wlien soimd issues from a small body in free air, the 
intensity diminishes as the square of the distance from 
tlie body iacreaees. 

If the wave of sonnd be confined in a tube with a 
smooth interior surface, it may be conveyed to great dis- 
tajices without Bensible loss of intensity. 

The velocity of sound in air depends on the elasticity 
of the air in relation to its density. The greater the elas- 
ticity the swifter is the propagation ; the greater the den- 
sity the slower ia the propagation. 

The velocity is directly proportional to the square root 
of the elasticity; it is inversely proportional to the square 
root of the density. 

Hence, if elasticity and density vary in tlie same pro- 
portion, the one will neutralize the other as regards the 
velocity of sound. 

That they do vary in the same proportion is proved 
by the law of Boyle and Mariotte ; lience the velocity of 
Bound in air is independent of the density of the air. 

But that this law shall hold good, it is necessary that 
the dense air and the rare air should have the same tem- 
perature. 

The intensity of a sound depends upon the density of 
the air in wliich it is generated, but not on that of the nii 
in which it is heard. 

The velocity of sound in air of the ffimperature 0° C, ifl 
1,090 feet a second ; it augments nearly 2 feet for every 
degree centigrade added to its temperature. 




Hence, given the velocity of sound in aii-, the tempera- 
ture of the air may ba readily calculated. 

The distance of a fired cannon or of a discharge of 
lightoing may be deteniiined by observing the interval 
which elapses between the Hash uud the sound. 

From the foregoing, it is easy to see that if a row of 
* soldiers form a circle, and discharge their pieces all at the 
eame time, the sound will be heard as a single diseliarge 
by a person occupying the centre of the circle. 

But if the men form a sti-aight row, and if the observer 
[ stand at one end of the row, the sirnultaneoua discharge 
[ of the men's pieces will be prolonged to a kind of roar. 

A discharge of lightning along a lengthy cloud may in 
I this way produce the prolonged roll of thunder. The roll 
of thmider, however, must in part at least be due to echoes 
from the clouds. 

The pupil will find no difficulty in referring many 
I comnaon occurrences to the fact that sound reciuires a sen- 
I Bible time to pass through any considerable length of air, 
I For example, the fall of the axe of a distant woodcutter 
I ia not ^[nultaneous with the sound of the stroke. A com- 
ipany of soldiers marching to muaic along a road cannot 
■march in time, for the notes do not reach those in front 
V.and those behind simultaneously. 

In the condensed portion of a sonorous wave the air is 
I above, in the I'arefied portion of the wave it is below, its 
I average temperature. 

This chanf^e of temperature, produced by the passage 
of the sound-wave itself, virtually augments the elaatieity 
of the air, and makes the velocity of sound about ^tli 
greater than it would be if there were no change of tem- 
perature. 

The velocity found by Newton, who did not take this 
lange of temperature into account, was 916 feet a second, 
e pi'oved that by miJtiplying Newton's velocity 
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by tte square root of the ratio of the specific heat of air at 
constant pressure to its specific heat at constant volume, 
the actual or observed velocity is obtained. 

Conversely, from a comparisoa of the calculated and 
obeerred velocities, the ratio of the two specific heats may 
be inferred. 

The mechanical equivalent of heat may be deduced 
from this ratio ; it is found to be the same as that estab- 
lished by direct experiment 

This coincidence leads to the conclusion that atmos- 
pheric air is devoid of any sensible power to radiate heat. 
Direct experiments on the radiative power of air establish 
the same result. 

T!ie velocity of sound in water is more than four times 
its velocity in air. 

The velocity of sound in iron is seventeen times its 
velocity in air. 

The velocity of sound along the fibre of pine-wood is 
ten times its velocity in air. 

The cause of this gi-eat superiority ia that the elastici- 
ties of the liquid, the metal, and the wood, as compared 
with their respective densities, are vastly greater than the 
elasticity of air in relation to its density. 

The velocity of sound is dependent to some extent 
upon molecular structure. In wood, for example, it ia 
conveyed with different degrees of rapidity in diiTerent 
diractions. 
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FhTdcal Diatinclion between Koise and llu»ic. — A Uusicil Tunc proituced bj 
Periodii!, N'oise produced by Unpcriodic, Impulaed. — PnMlucllon of lliiai' 
cal Sounds b; Tspa. — Production oC Musical Sounds by PuQ^,— DcSoitioo 
of Pircb in Uuaic — VibraliunB of a Tuniug-Fork ; their Grspbic Bepre- 
MnuiloD OD Smoked Gliua. — Optical Eipruaiiion of llie VibntiuuB of a 
Toning-Fork. — Description oftbe Sren. — Limits of the Ear; Highest and 
Dwpest Tones, — Rapiditj; of Vibration determined bj the Siren. — Deter- 
uinHtion of the Lengths of Sooorous Wireg,— Wave-Lengtba of Uie Voice 
in Man and Woman.— Transmisai on of Uusical Sounds tbrougb Liijuida 
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^ 1. Musical Sounds. 



In out last chapter we considered the propagation 
through air of ft sound of momentarj duration. We have 
to-day to cuiiBider continuous sounds, and to make ODr> 
selves in the first place acquainted with. the physical dift- 
tinctioii between noise and music. As far as sensation 
goes, everybody knows the difference between these two 
things. But we have now to inquire into the causes of 
BoiiBalion, and to make ourselves acquainted with the con- 
dition of the external air which in one case resolves itself 
into music and in another into noise. 

We have already learned that what is loudness in our 
deneations is outside of us nothing more than width of 
BwJng, or amplitude, of the vibrating air-psrticlea. Every 

I other real sonorous impression of which we are conscious 
has il8 correlative without, as a mere form or state of the 

I atmosphere. Were otjt organs shai'p enough to see the 
motions of the air through which an agreeable voice is 

k passing, wo might Bee stainped u]>on that air the conditiona 
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of motiuu on which the Bweetnese of the voice depenna 
In oi-dinary conversation, also, the physical precedes and 
ai-ouses the psychical ; the spoken language, which is to 
give H8 pleasure or pain, which is to rouse us to anger or 
soothe UB to peace, existing for a time, between uu and 
the speaker, as a pui'ely mechanical condition of the inter- 
vening air. 

Noise affects ne as an irregular succession of shocks. 
We are conscious while listening to it of a jolting and 
jarring of the auditory nerve, wbile a musical sound 
flows smoothly and without aspeinty or irregularity. How 
is this smoothness secured ? By Tendering tl\£ impulses 
received hij tJie tt/mpanic Tnemhrane perfectiy periodic. 
A periodic motion is one that repeats itself. The mo- 
tion of a common pendulum, for example, is periodic, 
but its vibrations are far too sluggish to excite sonorous 
waves. To produce a musical tone we must have a body 
which vibrates with the unerring regularity of the pendu- 
lum, bnt which can impart much sharper and quicker 
shocks to the air. , 

imagine the first of a series of pulses following each 
other at regular intervals, impinging upon the tympanic 
membrane. It is shaken by the shock ; and a body once 
shaken cannot eijnie inslantaneously to rest. The human 
ear, indeed, is so constructed that the sonorous motion 
vanishes with extreme rapidity, but its disappearance is 
not instantaneous; and if the motion imparted to the 
auditory nerve by each individual pulse of our series con- 
tinue until the arrival of its snecessor, the sound will not 
cease at all. The effect of every shock will be renewed 
before it vanishes, and the recurrent impidses will link 
themselves together to a continnona music:il sound. The 
pulses, on t!ie contrary, which produce noise, are of irreg- 
ular strength and recurrence. The action of noise upon 
the ear has been well -ompared to that of a flickering light 
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npon the eje, both being painful tliroagh the sudden and 
abmpt changes which they impose upon their respective 
nerves. 

The only condition necessary to the prodnction of & 
uiUEical sound is that the pulses should succeed each other 
in the same interval of time. No matter what its origin 
may be, if this condition be fulfilled the sound becomes mu- 
sical. If a watch, for example, coidd be caused to tick with 
Bafficient rapidity — say one hundred times a second — the 
ticks Would lose their individuality and blend to a musical 
tone. And if the strokes of a pigeon's wings could be 
Bccomplialied at the same rate, the progress of the bird 
through the air would be accompanied by music. In tha 
humming-bird the necessarj' rapidity is attained ; and when 
we pass on from birds to insects, where the vibrations are 
more rapid, we have a musical note as the ordinary accom- 
paniment of the insects' flight.' The puffs of a locomotive 
at starting follow each other slowly at iirst, but they soon 
lucrease so rapidly as to be almost incapable of being 
counted. If this increase could continue up to fifty or 
uxty puffs a second, the approach of the engine would be 
heralded by an organ-peal of tremendous power. 

§ 2. Musical Sounds produced hj Taps. 
Galileo produced a musical sound by passing a knife 
l.ovei' the edge of a piastre. The minute serration of the 
I coin indicated the periodic character of the motion, whicli 
I eonsisted of a succession of taps quick enough to produce 
' sonorous continuity. Every schoolboy knows how to pro- 
duce a note with his slate-pencil. I will not call it musical, 
because this term is usually associated with pleasui'e, and 
the sound of the pencil is not pleasant. 

The production of a musical sound by taps is usually 
ID aod (geotion of sir lute 
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effected by causing the teeth of a rotating wheel to Btrike 
in quick fiuccession against a card. This -was first illus- 
trated by the celebrated Kobert Hoote,' and nearer our 
own day by tlie eminent French expeiimenter Savait. 
Fin l^ We will confine ourselvee tc 

homelier modes of illustration. 
This gyroscope is an instru- 
ment consisting mainlj- of a 
heavy brass ring, rf, Fig. 15, 
loading the circumference of 
a disk, tlirough wliich, and at 
right angles to its surface, 
parses a steel axis, delicately 
supported at its two ends. By 
coiling a string round the axis, 
and drawing it vigorously out, 
the ring is caused to spin 
rapidly ; and along with it ro- 
tates a smnli-toothed wheel, w. 
On toiiching this wheel with 
the edge of a cai-d c, a musical 
sound of exceeding shriilness 
is produced. I place my thumb 
for a moment against the nng; the rapidity of its rotation 
is thereby diminished, and this is instantly announced by 
' On Julf 'J.^, 1081, "Mr, Dooke »1iowcd an eiperiment of making musi. 
ol and other sonnJa by the help of teeth of bmas wheels ; which teelh wer« 
inidc of equul bigifSB for nmsicn] EODDda, but of unequal for too! sounds." 
—{Birch's " Hiatory of the Royal Sodotj'," p. 98, published id I7B7.) 

The following extract is taken from the " Life of Hooke," which precede 
hil "Posthuuiju* Works," published In 170B, bv Kichnrd Waller, Secretary 
of the EojbI Societj : " In July the «iiDe year he (Dr. Hooke) shoved a nay 
of making musical and other sounds by the strikiog of tbo tcetli of aeTeral 
bnss wheels, proportionally cut as to tbcir numbers, and turned Tcrj tan 
round, in wbii;b it was obacrrable that the equal or proportional stroaks of 
the leelh, that is, 3 to 1, 4 lo 3, etc, uiado the musical notes, hut the nneqiiill 
Uroaka of the tectb more uiiwered the sound of the Toioe in speaking. 
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R lowering of the pitcli of the note. By ehecting the mo 
tion still more, the pitch is lowered still further. We are 
liere made acquainted with the important fact that the 
pitch of a note depends upon the rapidity of its pulses.' 
At the end of the experiment you bear the separate tapa 
of the teeth against t!ie card, their succession not being 
quick enough to produce that continuous flow of sound 
which is the essence of nuiBic. A screw with a milled 

»head attached to a whirling table, and caused to rotate, 
produces by its taps against a card a note almost as clear 
Bod pure as that obtained from the toothed wheel of the 
gyroacope, 

The production of a muBtcal sound by taps may also be 
pleasantly illustrated in the following way: In this vice 
are iixed vertically two pieces of sheet-lead, with their 
horizontal edges a quarter of an inch apart. I lay a bar 
of brass acmss them, permitting it to rest upon the edges, 
and, tilting the bar a little, set it in oscillation like a see- 
saw. After a time, if left to itself, it comes to rest, fiat 
■appose the bar on touching the lead to be always tilted 
upward by a force issuing from the lead itself, it is plain 
that the vibrations would then be rendered permanent. 
Now such a force is brought into play when the bar m 
Keatad. On its thon touching the lead the heat is commii- 
oicated, a sudden jutting upward of the lead at the point 
of contact being the result. Hence an ineessant tilting of 
the bar from side to side, so long as it continues sufficiently 
hot. Sabstituting for the brafls bar the heated fire-shovel 
shown in Fig, 16, the same effect is produced. 

In its descent upon the lead tbe bar taps it gently, the 
taps being so alow that you may readily count them. But 
a mara of metal diffei^ently shaped may be caused to 

* GtUleo, Snding the niunbor of nokbea on bis loetal (o ba great when 
l^pItcfaorUie note waa higb, iiifc;rrcil Ibit the pilch depended on the npi£< 
^ ^ of tl» impulBis. 



vibrate more briskly, and the taps to sncceed each otiiei 
more rapidly. When such a lieated rocker, Fig. 17, is 
placed npon a block of lead, the taps hasten to a loud rattle. 
When, with the point of a file, the rocker ib pressed against 




the lead, the Tibrations are rendered more rapid, and the 
taps link themselves together to a deep musical tone. 
A second rocker, which oscillates more qniekly than the 
laat, prodnces music without any other pressure than that 




due to its own weight. Pressing it, however, with the 
file, the pitch rises, until a note of Eingular force and 
purity fills the room. Belaxing the pressore, the pitch 
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MDRtCAL SOUNDS PRODUCED Blf PUFFS. 



iDatsntly fails ; resnraing the pressure, it ngaiu rises ; and 
tlias by the aUemation of the pressiire we obtain great 
variations of tone. Nor are Bueh i-ockers essential. Ai 
lowing one face of the dean, square end of a heated poker 
to rest upon the block of lead, a rattle is heard ; causing 
Another face to rest npon the block, a clear musical note 
ia obtained. The two faces Ijave been b?veled differ- 
ently by a file, bo as to secure different rates of vibration.' 
-This carious effect was discovered by Schwartz and Tre- 
Telyan. 

§ 3. Musical Soutids produced hy Puffs. 
Prof. Kobison was the fiist to produce a mnsical sound 
1^ ft qaick succession of puffs of air. His device was 
the first form of an instrument which will soon be intro- 
duced to you under the name of the siren. Kobison de 
scribes his experiment in the following words: "A stop- 
cook was so constructed that it opened and shut the passage 
of a pipe 720 times in a second. The apparatus was litted 
to the pipe of a conduit leading from the bellows to the 
wind-ehest of an organ. The air was simply allowed to 
pass gently along this pipe by the opening of the cock. 
When this was repeated 720 times in a second, the sound 
g in dU was most smoothly nttered, eqoal in sweetness to 
Black gang Chine 



I ' Whoi a rough tide rolls in upon a pebble beacb, a; 

' vt Freshwater Gatr, In the IbIc of Wight, the rnunded 8 
tbavlope b; the impeiua of the vaier, and when the ware reirenUi ilie peb- 
bles are dragged down. Innumerable collialonii thus enEueof irregular in> 
Imultj and recurrence. The uniou of tirnse shooka impresBCS ua B9 a kind 
of Boream. Hence the lice in Tcimjson'B " Uaud : " 

" ffow la til* urtun of a nuddflUAd fnioli dn^^ed down bf tli4 whv«." 
Wie height of the note di-pends in some nieaBure upon the aizt of ibe peb 
ble^ Twying from a kind of roar— heard wln-n the Btonea are larf;* — to « 
scream ; from a fcream lo n noise regembling that of frying bacon ; and 
from tbis, when the pebblee are so vmall an lo approach the Btale of gr»irel, 
Co % mete hiBs. The roar of the breaking wave ilaelf is mninlj due to the 
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a clear female voice. When the frequency was reduced 
to 360, the Eounil was that of a clear bnt rather a hareli 
man's voice. Tlie cock was now altered in such a manner 
that it never shut the hole entirely, but left abont one- 
third of it open. When tliie waa repeated 720 timCB in a 
second, the sound was uncommonly smooth and sweet. 
When reduced to 360, the sound was more mellow than 
any man's voice of the same pitch." 

But the difficulty of obtaining the necessary speed 
renders another form of the experiment preferable. A 
disk of Bristol board, b. Fig. 18, twelve inches in diam- 
eter, is perforated at equal intervals along a circle near 
its circumference. The disk, being strengthened by a 




backing of tin, can be attached to a whirling table, and 
caused to rotate rapidly. The individual holes then dis- 
appear, blending themselves into a continuous shaded 
circle. Immediately over this circle is placed a bent tube, 
m, connected with a pair of aconstic bellows. The disk 
is now motionless, the lower end of the tnbe being im- 
luedifttely over one of the perforations of the disk. If, 
llierefore, the bellows be worked, the wind will pass from 
m tlirougli the hole underneath. But if the disk be turned 
a little, an imperforated portion of the disk coroes tinder 
the tube, the current of air being then intercepted. As 
the disk is slowly turned, successive perforations are 
brought under the tube, and whenever this occurs a puff 
of air gets through. On leiidering the rotation rapid, 



 HUSIOAL B0UND3 PBOQUCED BY PUFFS. 

the pufis succeed each other in very quick soccession, jiro 
ducing pukes Id the air ^hicb blend to a contluuous 
musical note, audible to you all Mark bow the note 
varies. When the whirling table is turned rapidly the 
eound ie shrill ; when its motion is slackened the pitch 
immediately falls. If instead of a single glass tube there 
were two of them, as far apart as two of our orilices, so that 
whenever tlie one tube stood over an orifice, the other 
should stand over another, it is plain that if both tubes 
were blown through, we should, on turning the disk, get a 
pnff through two holes at the same time. The intensity of 
the Bonnd would be thereby angmented, but the pitch 
would remain unchanged. The two puffs issuing at the 
same instant would act in concert, and produce a greater 
effect tlian one upon the ear. And if instead of two tubes 
we had ten of them, or better still, if we bad a tube for 
every orifice in the disk tiie puffs from the entire series 
would all issue, and would be ali cut off at the same timc- 
These puffs would produce a note of far greater intensity 
than that obtained by the alternate escape and interruption 

(of the air from a single tube. In the arrangement now be- 
fore yoo, Fig. 19, there are nine tubes through which the air 
Fib. IB. 




r Mnrged — through nine apertures, iljuiLfuie, pufld cscapeat 
once. On turning the whirbng inijle, and alternately in- 
creasing and relaxing its speed, the stiund rises and fall« 

. like the loud wail of a changing wind. 



§ 4. Musical Sounda proditced iy a Tunvng^ork. 

Various other means may be employed to throw the 
air into a Btate of periodic motion. A stretched string 
pulled aside aud suddenly ]il}erated imparts vibrations 
to the air which succeed each other in perfectly regular 
intervals. A tuning-fork does the same. When a bow is 
drawn across the prongs of this tuning-fork, Fig. 20, the 
reain of the bow enables the hairs to grip the prong, 
which ie thus pulled aside. But the resistance of the prong 
Boon becomes too strong, and it starts suddenly Itack ; 
it is, however, immediately laid hold of again by the bow. 




to start back once more aa soon as its resistance become* 
great enough. This rhythmic process, continually re- 
peated during the passage of the bow, finally tlirows the 
fork into a state of intense vibration, and the result ie 
a miisit-al note. A person close at hand could see the 
fork vibrating; a deaf person bringing his hand suffi- 
ciently near would feel the shivering of the air. Or caus- 
ing its vibrating prong to touch a card, the taps againat 
the card link themselves, as in tlie case of the gyroscope, 
to a musical sound, the fork coming rapidly to rest. What 
w« call silenco oxpt'csses this absence of motion. 




'When the toning-fork is first excited tlie eotind issuea 
from it with maximum loudness, becoming gredually fee- 
bler as the fork continues to vibrate. A pereoa close to 
the fork can notice at the same time that tiie amplitude, 
or space through which the prongs oscillate, becomes grad- 
ually less and fees. But the most expert ear in this aesem- 
blj can detect no cliange in the pitch of the note. The 
lowering of the intensity of a note does not therefore 
imply the lowering of ita pitch. In fact, though the 
amplitude changes, the rate of ribration remains the same. 
Pitch and intensity must therefore be held distinctly 
apart ; the latter depends solely upon the amplitude, the 
former solely upon the rapidity of vibration. 

This tuning-fork may be caused to write the story of 
its own motion. Attached to the side of one of its prongs, 
F, Fig. SI, ia a thin strip of sheet-copper which tapers to 




ft point. When the tuning-fork is excited it vibrates, 
and the strip of metal accompanies it in its vibration. 
The point of the strip being brought gently down upon a 
piece of smoked glass, it moves to and fro over the smoked 
EUi-face, leaving a clear line behind. As long as the hand 
is kept motionle^, the point merely passes to and fro 
over the same line ; but it is plain that we have only to 
draw the fork along the glass to produce a sinuous line, 
' Pig. 21. 

When this process is repeated without exciting the fork 
afresli, the depth of the indentations diminishes. The 
BinaooB line approximates more and more to a. straight one. 



Tliis is the visual ezpreasion of decreasing amplitnda 
When the einuostties entirely disappear, the amplitude has 
become zero, and the sound, which depends npon the am- 
plitade, ceases altogetber. 

To M. Liesajous we are indehted for a very beautiful 
method of giving optical expression to the vibrations of a 
tuning-fork. Attached to one of the prongs of a vory large 
fork ia a siuall metallic mirror, f, Fig. 93, the other prong 
being loaded with a piece of metal to establish equi- 
librium. Permitting a slender beam of intense light to 
fall upoa the mirror, the beam is thrown back bjr relle& 




tion. In mj handa is held a small looking-glass, which 
receives the reflected beam, and from which it is again 
reflected to the screen, forming a small Iimiinoits disk 
npon tlie white surface. The disk is perfectly motionless; 
but the moment the fork is set in vibration the i-efleeted 
beam is tihed rapidly up and down, the disk describing a 
band of light three feet long. Tlic length of the band 
depends on the amplitude of the vibration, and yon see 
it gradually shorten as the motion of the fork is expended. 
It remains, bowever, a straight line as long as the glaaa 
Is held in a fixed position. lJt.t on puddunly turning tlie 




OPTICAL ILLUSTRATIONS. 

gksB SO ae to make the beam travel from left to riglit ovei 
the screen, you observe the Btraiglit line instantly resolved 
into a beuutiful luminous ripple m n. A iDiuinoiiB im- 
preseioii once made upon the retina lingers there for tlie 
tenth of a second ; if then the time required to transfer 
the elongated image from bide to side of the e(.-reen be 
leas than the tenth of a second, the vravj line of light 
will occupy for a moment the whole width of the screen. 
Infitead of permitting the beam from the lamp to issue 
through a single aperture, it may be caiiEod to iseue through 
two apertures, about half an inch asunder, thus project- 
ing two disks of light, one ab<yve the other, upon the 
screen. When the fork is excited and the mirror turned, 
we have a brilliant double sinuous line running over the 
ilnrk surface, Fig. 2-'5. TTirniug the diiiphragin so iis to 

Via.U. 



place the two disks besi'Je eicli other, on exciting the fork 
»nd moving the mirror, " e obtain a beautiful interlacing 
of the two sinuous Unes, Fig, 24. 
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§ 5. 'J7ie Waves of &mnd. 

tHow are we to picture to ourselves the condition of the 
»U' throngh whii-li this musical soiirnl is passingt Imagine 
one of the prongs of the vibrating fork swiftly advancing; 
it compreesee the air immediately in front of it, and when 



it retreats it leaves a partial Tacunm behind, the proceee 
being repeated by every subsequent advance and rttreat. 
The whole function of tiie tuning-fork is to curve the air 
into these condensations and rarefactions, and they, as they 
are formed, propagate themselves in succession through 
the air. A condensation with its associated rarefaction 
constitutes, as already stated, a sonoroua wave. In water 
the length of a wave is measured from crest to crest; 
while, in the ease of sound, the wave-length is the distance 
between two successive condensations. The condensation 
of the sound-wave corresponds to the crest, while the rare- 
faction of the BOund-wave corresponds to the sinus, or de- 
pression, of the water-wave. Let the dark spaces, a, b, e, 
d. Fig. 25, represent the condensations, and the light ones, 




a', h', &, d", the rarefactions of the waves issuing from the 
fork A B : the wave-length would then be measured from 
a to 5, from 5 to e, or from c to d. 

§ 6. DefiniHon qf Pilch ; Detenmnatuyn of Rates of 
VHratum. 
When two notes from two distinct sources are of the 
same pitch, their rates of vibi-ation are the same. If, for 
example, a string yield the same note as a tuning-fork, it 
is because they vibrate with the same rapidity; and d a 
fork jHeld the same note as the pij>e of an orgnu or the 
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tODgufi of a ooncertma, it is because the vibratioiis of the 
fork in the one case are executed in precisely the sauie 
time as the TibratioDfi of the colujiia of air, or of the 
tongue, ID the other. The same holds good for the human 
voice. If a string and a voice ;ield the same note, it ia 
becauBe tlie vocal chords of the singer vibrate in the same 
time as the string vibrates. Is there any way of deter- 
mining the actual number of vibrations corresponding to 
a musical note} Can we infer from the pitch of a string, 
of an organ-pipe, of a tuning-fork, or of the human voice, 
the number of waves which it sends forth in a second t 
This very beautifnl problem is capable of the most com- 
plete solution. 

§7, TheSM-en: Analyma of iha Instrument. 

By the rotation of a perforated pasteboard disk, it has 
been proved to you that a musical sound is pi'oduced by a 
quick succession of puffs. Had we any means of rei!;ister- 
ing the number of revolutions accomplished by that disk 
in a minute, we should have io it a means of determining 
the number of puffs per minute due to a note of any detet^ 
minate pitch. The disk, however, is but a cheap substi- 
tute foi- a far more perfect apparatus, which requires no 
whirling table, and which registers its own rotations with 
the most perfect accuracy. 

I will take the instrument asunder, so that you may 
see ite various parts. A brass tube, t, Fig. 26, leads into 
a ronnd box, o, closed at the top by a brass plate a h. 
This plate is perforated with four series of holes, placed 
along four concentric circles. The innermost series con- 
tains 8, the next 10, the nest 12, and the outermost 16 
orifices. When we blow into the tube /, the air esciipea 
through the orilices, and the problem now before us is to 
convert these continuous currents into discontinuous puffs. 
Tliis ia accompli si led by means of a brass disk d e, also 
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perforated with 8, 10, 12, and 16 holes, at the same dia 
tances from the centre and with the 6ame iotervals be- 
tween them as those in the top of the box c. Throiigli 
the centre of the disk pusses a steel axis, the two ends of 
which are sniootlily beveled 
off to points at p and j>'. 
My object now is to cause 
this perforated disk to rotate 
over the perforated top a h 
of the box c. You will un- 
derstand how this is done by 
observing Low the instru- 
ment is put together. 

In the centre of a h, Fig. 
26, is a depression x sunk in 
steel, smoothly polished and 
intended to receive the end 
p' of the axis. I place the 
end J)' in this depresaion, 
and, holding the axis up- 
right, bring do^Ti upon its 
upper end p a steel cap, 
finely polished within, which 
holds the axis at the top, 
the pressure both at top and 
bottom being eo gentle, and 
the pohsh of the touching 
surfaces so pei-fect, that the 
disk can mtate with an ex- 
ceedingly small amount ot 
friction. At c, Fig. 27, is 
the cap which fits on to the npjjer end of the axis^^^i'. 
In this figure the disk d«\s shown covering the top of the 
cylinder c. You may neglect for tiic present tlie wheel- 
work of the figure. Turning the disk d e slowly rounfi, its 





A.VALVSIS OF TBE SIREN. 

]>erforalionB may be caused to coincide ur not coincide 
witli those of the cylinder underneath. As the disk tarns 
its orifices conm alternately over the perforationB of the 
cylinder, and over the gpacea between the pcrforatiooe. 
Hence it ia plain that if 
air were urged into c, 
and if the disk conld be 
caused to rotate at the 
same time, we should 
aeeuLuplisb our object, 
and carve into puffs the 
etreame of air. lu this 
beautiful instrument 
the disk is caused to ro- 
tate by the very air cur- 
rcDte which it renders 
intermittent. This is 
done by the simple de- 
vice of causing the per- 
forationB to pass obli'jfM- 
ly through the top uf 
the cylinder c, and also 
obliiiuely, but opposite- 
ly inclined, through the 
i-otating disk d e. The 
air Is thus caused to is- 
sue from 0, not verti- 
cally, but in aide cur- 
rents, which impinge 
against the disk and 
drive it round. In this way, by its passage through the 
siren, the air is moulded into sonorous waves. 

Another moment will make you acijuainted with the 
recording portion of the instrument. At the upper pari 
of the steel axis p p'. Fig. 27, ia a screw ^, wiwking into a 
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pair of toothed wheels (seen when the back of the iiiBtra- 
meiit is turned toward you). As the disk and its axis 
turn, theee wheels rotate. In front you Bimjily see two 
graduated dials. Fig. 28, each furnished with an index like 
the hand of a clock. These indexes record the number of 
rcToliitions execiited by the disk in any given time. Hy 
pushing the button a or J the wheel-work is thrown into 
or out of action, thus starting or suspending, in a moment, 
the process of recording. Finally, by the pins m, n, o,p. 
Fig. 27, any series of orifices in the top of the cylinder o 
can be opened or closed at pleasure. By pressing m, one 
series is opened ; by pressing n, another. By pressing two 
keys, two series of orifices are opened ; by pressing three 
keys, three series ; and by pressing all the keys, puSs are 
caused to issue from the four series simultaneously. The 
perfect instrument is now before you, and your knowledge 
of it is complete. 

This instrument received the name of siren from its 
inventor, Cagniard de la Tour. The one now before you 
is the siren as greatly 
'"■ "■ improved by Dove. The 

*^p pasteboard siren, whose 

performance you have al- 
ready heard, was devised 
by Seebeck, who gave 
* the instrument various 
interesting forms, and 
executed with it many 
important experiments. 
Let us now make the 
siren rang. By pressing 
8 of apertures in the cylinder o 
is opened, and by working the bellows, the air is caused to 
impinge against the disk. It begins to rotate, and you 
1 of pufEfi which follow each other so 




the key m, the outer 
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elowlj that tbej tnaj be coimted. But as the motion aa^ 
metits, the pails succeed each other with increasing rapid- 
ity, and at length you hear a deep musical note. Aa the 
velocity of rotation increaEes the note rises in pitch ; it is 
now very clear and full, and aa the air is urged more vig- 
orously, it becomes so shrill as to be painful. Here wa 
have a further illustration of the dependence of pitch on 
rapidity of vibration. I touch the side of the disk and 
lower its speed ; the pitch falls instantly. Continuing the 
pressure the tone continues to sink, ending in the discon- 
tinuons pnfEs with which it began. 

Were the blast sufficiently powerful and the siren 
sufficiently free from friction, it might he urged to higher 
and higher notes, until finally its sound would become 
inaudible to human ears. This, however, would not prove 
the absence of vibratory motion in the air ; but would 
rather show that our auditory apparatus is incompetent to 
take up and translate into sound vibrations whose rapidity 
exceeds a certain limit. The ear, as we shall immediately 
learn, is in this respect similar to the eye. 

By means of this siren we can determine with extreme 
accnracy the rapidity of vibration of any sonorous body. 
It may be a vibrating string, an organ-pipe, a reed, or the 
human voice. Operating delicately, we might even deter- 
mine from the hum of an insect the number of times it 
flaps its wings in a second. I will illustrate the subject 
by determining in your presence a tuning-fork's rapidity 
of vibration. From the acoustic beSlows I urge the air 
through the siren, and, at the same time, draw my bow 
across the fork. Both now sound togethei-, the tuning- 
fork yielding at present the highest note. But the pit(di 
of the siren gradually rises, and at length you hear 
the "beats" so well known to muBiciane, which indicate 
that the two notes are not wide apart in pitch. These 
Deata become slower and slower ; now they entirely 



raiiisli, both notee blending as it were to tt ranglo stream 

of tiu und. 

All this time the clock-work of the aren has romaiuod 
out of action. Ae the second hand of a watch crosBea 
the number 60, the clock-work is set going by pushing the 
button a. We will allow the disk to continue its rota- 
tion for a minute, the tuning-fork beiiig excited from 
time to time to assm-e you that the unison is preserved. 
The second hand again approaches 60 ; as it passes that 
nuuiber the clock-work is stopped by pushing the button Jy 
and tlicUj recorded on the dials, we have the exact number 
of revolutions performed by tho disk. Tbe number is 
1,440. But the aeries of holes open during the experi- 
ment numbers 16 ; for every revolution, therefore, we had 
16 puffs of air, or 16 waves of sound. Multiplying 1,440 
by 16, we obtain 23,040 as the nunilior of vibratious exe- 
cuted by the tuning-fork in a minute. Dividing this by 
60, we find the nuuiber of vibrations executed in a second 
to be 3S4. 

I 8. Determination of Wave-lengt/ui : Time of Vi&ration. 
Having deterinined the rapidity of vibration, the length 
of the corresponding sonorous wave is found with tho ut- 
most facility. Imagine a tuuiiig-fork vibrating in free 
air. At the end of a second from the time it com- 
menced its vibrations the foremost wave woidd have 
reached a distance of 1,090 feet in air of the freezing 
temperature. In the air of a room which has a tempera- 
ture of about 15° C, it would reach a distance of 1,120 
in a second. In this distance, therefore, are embraced 
384 sonorous waves. Dividing 1,120 by 384, we find the 
length of each wave to be nearly 3 feet. Determining in 
this way tLe rates of vibration of the four tuning-forka 
now before you, we find tbeni to be 2.56, .■520, 384, and 
BIS ; these Dumbers corresponding to wave-lengths oi 




< feci i inches, 3 feet 6 inches, 2 feet 11 inches, and 2 feet 
S inches respectively. The waves generated by a maD's 
voice in ixfiamon conversation are from 8 to 12 feet, those 
of a woman's voice are from 3 to 4 feet in length. Hence 
a woman's ordinary pitch in the lower sounds of conversa- 
tion is more than an octave above a man's ; in the higher 
Boonds it is two octaves. 

And here it is important to note that by the term vi- 
brations are meant oompUte ones ; and by tbe term sonor- 
ons wave are meant a condensation and its associated 
rarefaction. By a vibration an excursion to and fro of 
the vibrating body is to be understood. Every wave gen- 
erated by such a vibration bends the tympanic membrane 
once in and once out. These are the definitions of a vi- 
bration and of a sonorous wave employed in England and 
Gennany. In France, however, a vibration consists of an 
excursion of the vibrating body in one direction, whether 
to or fro. The French vibrations, tiierefore, are only the 
halves of ours, and we therefore cull them semi-vibrationB. 
In all cases throughout these chapters, when tbe word vi- 
bration is employed without qualification, it refers to com^ 
plete vibrations. 

During the time required by each of those sonorona 
waves to pass entirely over a particle of air, that particle 
accomplishes one complete vibration. It is at one n^oraent 
pushed forward into the condensation, while at tin next 
moment it is urged back into the rarefaction. The time 
required by the particle to execute a complete oscillation 
is, therefore, that reqnired by the sonorous wave to move 
through a distance equal to its own length. Supposing 
the length of the wave to be eiglit feet, and the velocity 
of sound in air of our present temperature to be 1,120 feet 
a second, the wave in iiiiesiion will pass over its own length 
of air in -rir'^' ^^ * second : this is the time requimd by 

iry air-parttete that it passes to complete an oscillaliuo 



In air of a definite deoBitj and elasticity a certain 
leng^ of wave always corresponds to the same pitcli. 
But supposing the density or eUsticity not to be uniform ; 
Bupposing, for example, the sonorous waves from one of 
our tnning-forks to pass from cold to hot air ; an instant 
augmentation of the wave-length would occur, without 
any change of pitch, for we should have no change in the 
rapidity with which the waves would reach the ear. Con 
versely with the same length of wave the pitch would be 
higher in hot air than in cold, for the succession of the waves 
would be quicker. In an atmosphere of hydrogen waves of 
a certain length would produce a note nearly two octaves 
higher than waves of the same length in air ; for, in con- 
sequence of the greater rapidity of propagation, the num- 
ber of impulses received in a ^ven time in the one case 
would be nearly four times the number received in the 
other. 

§ 9. D^miUon of an OaUK>6. 

Opening the innermost and outermost seiies of the 
ori£ces of our siren, and sounding both of them, either 
together or in succession, the musical ears present at once 
detect the relationship of the two sounds. They notice 
immediately that the sound which issues from the circle of 
sixteen oriliceB is the octave of that whiuh issues from the 
circle of eight. But for every wave sent forth by the lat- 
ter, two waves are sent foilh by the former. In this way 
we prove that the physical meaning of the term " octave " 
is, that it is a note produced by double the number of 
vibrations of its fundamental. By multiplying the vibra- 
tions of the octave by two, we obtain ita octave, and by 
n continued multiplication of this kind we obtain a seriea 
of numbers ansvrering to a series of octaves. Starting, 
for example, from a fundamental note of 100 vibra- 
tions, we should find, by this continual multiplication, thai 
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a note fire octavee above it would be produced t 
vibntions. Thus: 
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This reenli is more readily obtained bj multiplying the 
TibratioDs of the fundamental note by the fifth power of 
two. In a siibseqnent i^pter we shall return to thit 
qneetion of musical intervals. For our present porpooc 
it is only nee<eeEary to define an octsre. 

§ 10. Limits of ih6 Ear ; and of Mttgiaal Soandt. 
The ear's range of hearing is limited in both directiona. 
Savart fixed the lower limit at eight complete vibrations a 
eeoond ; and to cause these slowly recurring vibrations to 
link themselves together, be was obliged to employ sliocka 
of great power. By means of a toothed wheel and an 
associated counter, he fixed the upper limit of hearing at 
B+,000 vibrations a second. Helmholtz has recently fi}:od 
the lower limit at 16 vibrations, and tlie higher at 3S,000 
vibrations, a second. By employing very small toning 
forks, the late M: Depretz showeil thjit a sound correspond- 
ing to 38,lK)0 vibrations a second is audible.' Starting 
from the note 16, and multiplyiug continually by 2, or 

' Tbc error of Sanrt cuDsisU, aci-orilini; to Dolmholtx, in baTmg adaplcd 
nl in which or urtoDcs (dc9i.Tib<sI in ClmiiUT 111) Hun mulukMi 
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more compendionsly raismg 2 tc the llth power, and mill 
Uplying this by 16, we should find that at 11 octaves abovo 
the fundamental note the number of vibrations would be 
33,768, Taking, therefore, the limits assigned by Helm- 
holtz, the entire range of the human ear embraces about 
eleven oeta\'es. But all the notes comprised within these 
limits cannot be employed in music. The practical range 
of musical sounds is comprised between 40 and 4,000 vibra- 
tions a second, which amounts, in round numbers, to seven 
octaves.' 

The limits of hearing are different in different persons. 
While endeavoring to estimate the pitch of certain sharp 
sounds. Dr. Wollaston remarked in a friend a total insensi- 
bility to the sound of a small organ-pipe, which, in respect 
to acnteneea, was far within the ordinary limitsof hearing. 
The sense of hearing of this person terminated at a note 
four octaves above' the middle E of the pianoforte. The 
squeak of the bat, the sound of a cricket, even the chirrup 
of the common honso-eparrow, are unheard by some people 
who for lower sounds possess a sensitive ear. A difference 
of a single note is sometimes sufficient to prodace the 
change from sound to silence. " The suddenness of the 
transition," writes Wollaston, " from perfect hearing to total 
want of perception, occasions a degree of surprise which 
' "The dpcpeat lone of orchestra inslrmneal* is the E of the doubIe-bis», 
with 41^ vibrations. The Dew piuioa and organs go geaertillT as far as C*, 
with 38 Tibradooe; new graod pianos mav reai^h A", with 27^ *ibratioiu. 
Id large organs a lower octavB is introduced, reaching to C", with Iftiri- 
brations. But the musical characKr of all these tones under E ia impor. 
feet, bernuse the; are near tbe limit where the power of the ear to unite tht 
ribrations to a tone eeasea. In height the pianoforte reaches to a'', with 
I, BIO vibrations, or sometimes (o c', with 4,!34 vibntioni. The highest note 
of the oi'chi'fltra Is prohablj the d' of (lie piccolo flute, with 4,762 ribrationB." 
— {Helroholti, " Tonpinpfindunjien," p. 30.) In IhU notnlioo we surt fWnn C, 
with <S vIbratloDH, calling tlie first lower octave (.*>, and the second C" ; and 
aalling the Hrat highest octave c, the second o', llic third c", the fourth c", 
etc lu EngUnd the deepest lone, Mr. Uaofarrcn Inrunns me, is not i, fnt a, 
a founJi above it. 
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fcndeis sn expeximoit of this kind witli a serin of EmiD 
pipes unong eereral posons nUwr amosmg. It is rarioos 
to observe the change of feeling numifested bjr tarioos in- 
diridoals of the putj, in eacoaasioD, as the eoonds sp- 
iax)adi and pase the limits of their heariog. Those who 
enjoj' a temporerr trimnph are ofteo compelled, in their 
tarn, to acknowledge to how Ehort a distance their little 
snperioritj extends." " Sotbing can be more eai^iriEing," 
writes Sir John Herachel, ** than to see two pereone, Deitber 
of them deaf, the one compUiniog of the penetrating 
^uillnesB of a aotmd, while the other maintains there is no 
Bomid at alL Thos, while one pereon mentioned by Dr. 
WoUaetoQ could but jnst hear a note fonr octaves above 
the middle E of the pianoforte, others have a distinct per- 
ception of Bounds full two octaves higher. The chirrup of 
the sparrow is about the fornix litTiit ; the cry of the bat 
about air octave above it ; and that of some insects proba> 
blj another octave." In " The Glaciers of the AJpe " I 
have referred to a ease of short auditory range, noticed by 
myself in croeeing the Wengem Alp in oompauy with a 
friend. The grass at each ade of the path swamied with 
insects, which to me rent the air with their shrill eliirmp- 
ing. My friend beard nothing of this, the insectrmusic 
lying beyond his limit of audition, 

% 11. I>rum of the Ear. Tha JSvttachian Tttbt. 

Bdiind the tympanic membrane esists a cavit^~ — the 
dnmi of the ear — in part crossed by a series of bones, and 
in part occupied by air. This cavity communicates with 
the mouth by means of a duct called the Eustachian tube. 
This tnbe is gcoendly closed, the air-space behind the tym. 
panic membrane being thus shut off from the external air. 
If, under these circumstancee, the external air becomei 
denser, it will preee the tympanic membrane inward. If, 
on the other band, tbe air outside becomes rarer, while the 
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Eastaehian tube remains closed, tbe membrane will bt 
pressed outward. Pain is felt in botli cases, and partial 
deafness is experienced. I once crossed tlie Stelvio Pa*e 
by night in company with a friend who complained of acnte 
pain in the ears. On swallowing his saliva the pain in- 
stantly disappeared. By the act of swallowing the Eusta- 
chian tube is opened, and thus equilibrium is established 
between the external and internal pressure. 

It is possible to quench the sense of hearing of low 
sounds by stopping the nose and month, and trj-ing to ex- 
pand the chest, as in the act of inspiration. This effort 
partially exhauste the 6])ace behind the tympanic mem- 
brane, which is then thrown into a state of tension by the 
preesure of the outward air. A similar deafness to low 
Bounds is produced when the nose and mouth are stopped, 
and a strong effort is made to expire. In this case air is 
forced through the Eustachian tube into tlie drum of the 
ear, the tympanic membrane being diatonded by the press- 
ure of the ititerniil air. The experiment may be made in 
a railway carriage, when the low rumble will vanish or be 
greatly enfeebled, while the sharper sounds are heard with 
undiminished intensity. Dr. WoUastou was expert in 
closing the Eustachian tube, and leaving the sjiace behind 
the tympanic membrane occupied by either compressed or 
rarefied air. He was thus able to cause his deafness to 
continue for any required time without effort on his part, 
always, however, abolishing it by the act of swallowing. 
A sudden concussion may produce deafness by forcing air 
either into or out of the dnim of the ear, and this may 
account for a fact noticed by myself in one of my Al- 
pine rambles. In the summer of 185S, jumping fi'om 
a clifi on to what was 8up])06e<l to be a deeji snow-drift, 
I came into rude collision with a rock which the snow 
barely covered. The sound of the wind, the rush of the 
Iflacier-torrents, and all the other noises wliicli a sunny day 
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ewakee upon the mountains, inBUntl; ceased. I conld 
hardly hear the Eound of my guide's voice This deafness 
contiuaed for half an hour ; at the end of which time the 
blowing of the nose opened, I suppose, the Eustachian, 
tube, and restored, with the quickness of magic, the innu- 
merable marmurs which filled the air around me. 

Light, like sound, is excited by pulses or waves ; and 
lightA of different colors, like sounds of different pitch, 
are excited by different rates of vibration. But in its 
width of perception the ear exceedingly transcends the 
eye ; for while the fonner ranges over eleven octaves, but 
little more than a single octave is possible to the latter. 
The quickest vibrations which strike the eye, as light, 
have onlyabout twice the rapidity of the slowest ; ' whereas 
the quickest vibrations which strike the ear, as a musical 
Bound, have more than two thousand times the rapidity 
of the slowest. 

g 13. Ildmholt^a DouiU Siren. 
Prof, Dove, as we have seen, estendod the utility of 
the siren of Cagniard de la Tour, hy providing it with 
four series of orifices instead of one. IJy doubling all its 
parts, Helmholtz has recently added vastly to the power 
of the instrament. The doable siren, as it is called, is 
now before you, Fig. 2& (next page). It is composed of 
two of Dove's sirens, o and c', one tnmcd npside down. 
Yon will recognize in the lower siren the instrument with 
which you are already acquainted. The disks of the two 
eirens have a common axis, so that when one disk rotates 
the other rotates with it. As in the former case, the num- 
ber of revolutions is recorded by clock-work (omitted in tlie 
fignre). Wiien air is urged through the tube t' tlie upper 
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area alone sounds ; when urged through i, the tower one 
only sonnde ; when it is urged simultaueouBly through f 
and t, both the eirens sound. With this instrument, 
therefore, we are able to introduce much more varied com- 
binationB than with the former one, Helmholt?. has also 
contrived a means by which not only the disk of the upper 
tdren, but the box c' above the disk, can be caused to 
rotate. This is effected by a toothed wheel and pinion, 
himed by a handle. Underneath the hEindle is a dial with 
ui index, the use of which will be subseq^nently illus- 
trated. 

Let UH direct otir attention for the present to the upper 
siren. By means of an India-rubber tube, the orifice t' is 
connected with an acoustic bellows, and air is urged into 
(/. Its disk turns round, and we obtain with it all the 
resnlte already obtained with Dove's siren. The pitch of 
the note is nniforni. Turning the handle above, so as to 
cause the orifices of the cylinder o' to meet those of the 
disk, the two sets of apertures pass each other more rapidly 
than when the cylinder stood still. An instant rise of 
pitch is the result. By reversing the motion, the orificee 
are caused to pass each other more slowly than when o' is 
motionless, and in this case you notice an instant fall of 
pitch when the handle is turned. Tlius, by imparting in 
quick alternation a right-handed and left-handed motion to 
the handle, we obtain successive rises and falls of pitch. 
An extremely instructive effect of this kind may be ob- 
served at any railway station on the passage of a rapid 
train. During its approach the sonorous waves emitted by 
the whistle are virtually shortened, a greater number o£ 
them being crowded into the ear in a given time. During 
its retreat we have a virtual lengtliening of the sonorous 
waves. The consequence is, thnt, wlien approaching, the 
whistle sounds a higher note, and when retreal ing it soonds 
ft lower note, than if the train were still. A fall of pitch, 
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plied to the upper end of the rod are to be transferred 
An assistant is above, with a tuning-fork in bis hand. He 
Btrikes the fork against e pad ; it vibrates, but jon hear 
nothing. He now applies the stem of the fork to the end 
of the rod, and instantly the wooden ti-ay npon the table is 
rendered musical. The pitch of the sound, moreover, is 
exactly that of the tuning-fork ; the wood has been passive 
as regards pitch, transmitting the precise vibrations im- 
parted to it without any alteration. With anotber fork a 
note of another pitch is obtained. Thus fifty forks might 
be employed instead of two, and 300 feet of wood instead 
of 30; the rod would transmit the precise vibrations im- 
parted to it, and no other. 

We are now prepared to appreciate an extremely beau- 
tiful experiment, for which we are indebted to Kir Charles 
WheatBtone. In a room underneath this, and separated 
from it by two floors, is a piano. Through the two floors 
passes a tin tube 2^ inches in diameter, and along the 
axis of this tube passes a rod of deal, the end of which 
emerges from the floor in front of the lectnre-table. The 
rod is ehaped by India-rubber bands, which entirely close 
ihe tin tube. The lower end of the rod rests upon tlie 
Bonnd-boiird of the piano, its upper end being exposed 
before you. An artist is at this moment engaged at the 
instrument, but you hear no sound. When, however, a 
violin is placed upon the end of the rod, the instrument 
becomes instantly musical, not, however, with the vibrations 
of ita own strings, but with those of the piano. When the 
violin is removed, the sound ceases ; putting in its place a 
guitar, the music revives. For the violin and guitar we 
may substitute a plain wooden tray, which is also rendered 
musical. Here, finally, is a harp, against the sound 
board of which the end of the deal rod is caused to press ; 
every note of the piano is reproduced before yon. On lift- 
ing the barp so as to break the connection with the piano, 
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the sound vanishes ; but the moment the eouod-board is 
caused to press npon the rod the music is restored. The 
Bound of the piauo bo far resembles that of the harp that 
it is hard to resist the impression that the music you hear 
ia that of the ktter iustrument. An uneducated person 
might well believe that witchcraft or " spiritualism " is eon 
cemed in the production of this music 

What a curious translerenec of action is here presented 
to the mind I At tlie command of the musician's will, the 
fingers strike the keys ; the hammers strike the strings, by 
which the rude mechanical shock is converted into tremors. 
The vibrations are coiuniuuieated to the sound-board of 
the piano. Upon that board rests the end of the deal rod, 
thinned off to a sharp edge to malie it fit more easily be- 
tween the wires. Through the edge, and afterward along 
the rod, are poured witli unfailing precision the entangled 
pulsations produced by the shocks of those ten agile fin- 
gers. To the sound-board of the liarp before you, the rod 
faithfully delivers up the vibrations of which it is the 
vehicle. This second sound-boai-d transfers the motion to 
the air, carving it and chasing it into forma so traoscen- 
dentlj complicated that confusion alone could be antici- 
pated from the shock and jostle of the sonorous waves. 
But the marvelous human ear accepts every feature of the 
motion, and all the strife and stniggle and confusion melt 
finally into music upon the brain,' 

' An ordlnar; inariail box mtj be imbelituteil for the pinna in tlils it 
ftvimeat. 
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&. KDUcAi. Bound is produced by sonoroua sliocks whicli 
follow each other at regular intervals with a sufficient 
rapidity of succession. 

Noise is produced by an irregular succession of sonoroua 
shocks. 

A musical sound may be produced by taps which rap- 
idly and regularly sncceed each other. The taps of a card 
against the cogs o£ a rotating wheel are usually employed 
to illustrsto this point. 

A musical sound may also be produced by a succession 
of pyffa. The siren is an instrument by which such pufie 
are generated. 

The pitch of a musical note depends solely on the 
Dumber of vibrations concerned in its production. The 
more rapid the vibrations, the higher the pitch. 

By means of the siren the rate of vibration of any 
eonnding body may be determined. It is only necessary 
to render the sound of the siren and that of the body iden- 
tical in piteli to maintain both sounds in unison for a cer- 
tain time, and to ascertain, by means of the counter of the 
■iren, how many puffs have issued from the instrument in 
thiit tin)?. This number expresses the number of vibru- 
Uons exeiiutcd by the sounding body. 

When a body capable of emitting a musical sound — a 
toung-fork, for example — vibrates, it moulds thesurround- 
t •>'' '°to sonorous waves, each of which consists of a 
msation and a rarefaction. 

The length of the sonorous wave is measui-ed from 
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condensation to coudensation, or from rarefaction to rare- 
faction. 

The wave-length is found by dividing the velodtj of 
souQd per second by the nnmber of vibrations executed by 
tbe Bonnding body in a second. 

Thus a tuning-fork which vibrates 256 times in a 
second produces in air of 15° C, where tlie velocity ia 
1,120 feet a second, waves i feet i inches loug. While 
two other forks, vibrating respectively 32l) and 384 timea 
a second, generate waves 3 feet 6 inches, and 2 feet 11 
inches long. 

A vibration, as defined in England and Germany, com- 
prises a motion to and fj'o. It is a complete vibration. 
In France, on the contrary, a vibration comprises a move- 
ment to or fro. The French vibrations are with us semi- 
▼ibrations. 

The time required by a particle of air over which a 
Bonoroua wave passes to esecute a complete vibration ia 
that required by the wave to move through a distance 
equal to its own length. 

The higher the temperature of the air, the longer is 
the sonorous wave corresponding to any particular rate of 
vibration. Given the wave-length and the rate of vibra^ 
tion, we can readily deduce the temperature of the 
air. 

The human ear is limited in ita range of hearing 
musical sounds. If the vibrations number less than 16 a 
•econd, we are conscious only of the separate shocks. If 
they exceed 38,000 a second, the consciousness of sound 
ceases altogether. The range of the best ear covers aboat 
11 octaves, but an auditory range limited to 6 or 7 octavea 
is not uncommon. 

The Bounds available in music are produced by vibra- 
tions comprised between the limits of 40 and 4,000 a 
They embrace 7 octaves. 
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The range of the ear far tranacandB that of the eya, 
which hardly exceeds an octaTC 

By mcaas of the Eustachian tuhe, which ia opened in 
the act of swallowing, the preBsore of the air on both sidei 
of the tympanic membrane ia equalized. 

By either condensing or rarefying the air behind the 
tympanic membrane, deafness to Bounds of low pitch may 
be produced. 

On the approach of a railway train the pitch of the 
whistle is higher, on the retreat of the train the pitch is 
lower, thiin it would be if tlie train were at rest. 

Musical sounds are transmitted by liquids and solids. 
Such sounds may be transferred from one room to another ; 
from the ground-floor to the garret of a house of many 
stories, for example, the sound being unheard in the rooma 
intervening between both, and rendered audible only 
when the vibrations are communicated to a suitable Bound 
board. 



CnAPTEIl III. 

Vlbralion orStvings. — How employed In Music — Iiifluenee of Soun.l-BiiKrtls 
— Laws of ViliratJng Strings.— Comliination of Direct and ReHeutcii PuLws 
— SlalionBfy and ProgresaiTa Waves. — Nodes lud Veniral Segnipnla, — 
Appliolloa of Resulta to llic Vibrations of Musical Strings,— ElpciiincnU 
gr Uelde. — Strings «et in Vibration b}' Tuning'Forks. — Laws ot Vibration 
(bltR demonalrated. — Harmonic Tonca of Strings. — DefinilioDS of Timbra 
or QuuIitT, or Orertoncs and Clang.~-Abolilion of Spvcial Hartnocics. — 
CondiliuiiH ntiiuh affect the Inlen:>ily of Ihe Hanrionii^ Tones.— Op livd 
£x*nun&tioDof tbe Vibratiooe of a I'lano-^Vire. 

§ 1. Y'Straiion^ of Stnvgs : Dae of Sound-Boards. 
We have to begin our studieB to-day with the vihra- 

\ tioDB of stringB or wires ; to learn how bodies of this form 

I are rendered available as Boiirces of musical sounds, and 

' to investigate the laws of their vibrations. 

To enable u musical string to vibrate ifansversdy, or 
at right angles to its length, it must be stretched between 
two rigid points. Before you, Fig. 31 (next page), is an 
instrtunent employed to stretch strings, and to render tlieir 
vibrations audible. From the pin p, to which one end of 
it ig firmly attached, a string passes across the two bridges 
B and b', being afterwai-d carried over the wheel n, which 
moves with great freedom. The string is tinally stretched 
by a weight w, of 2S lbs., attached to its extremity. The 
bridges B BTid b', which constitute the real ends of the 

, string, are fastened on to the long wooden box m n. Tho 
whole instnimeiit is called a monochord, or sonomctef. 

Taking hold of the stretched string b b' at its middle 
and plucking it aside, it springs back to its first position, 
passes it, returns, and thus vibrates for a time to and fra 
across its position of equilibrium Vou hear a sound, but 
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the sonorous waves whicb at preBent strike yonr eare do 
not proceed immediately from the string. The amount 
of wave-motion generated by so thin a body is too small 
to he sensible at any distance. But the string is drawn 
lightly over the two bridges b b'; and when it vibrates, 
its tremors are communicated through these bridges to the 




entire mass of the box « n, and to the air within the box, 
which thus become the real sounding bodies. 

That the vibrations of the string alone are not sufficient 
to produce the sound may be thus experimentally demon- 
strated: A B, Fig. 32 {next page), is a piece of wood placed 
across an iron bracket o. From each end of the piece of 
wood depends a rope ending in a loop, while stretching 
across from loop to loop is an iron bar m n. From the 
middle of the iron bar hangs a stee! wire s «', stretched by 
a weight w, of 28 lbs. By this arrangejiient the wire is 
detached from ail large surfaces to which it could impart 
its vibrations. Plucking the wire s »', it vibrates vigor- 
on?ly, but even those nearest to it do not hear any sound. 
The agitation imparted to the air is too inconsiderable 
to .iSect the auditory nerve at any distance. A second 
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wire ( if, Fig, 33 (nest page), of the same length, tLick 
ness, and material as s s', has one of its ends attacheil to 
the wooden tray A b, Thi: 
of 28 Ibfl. rinally, passing 
over the bridges b b' of the 
Konometer, Fig. 31, ia our 
tliird wire, in every I'espect 
like the two former, and, 
lUte them, stretched by a 
weight w, of 28 lbs. When 
the wire t t\ Fig. 33, ia 
caneed to vibrate, you hear 
its sonnd distinctly. Though 
one end only ot the wire is 
connected with the tray a b, 
the vibrations transmitted 
to it are sufficient to con- 
vert the tray into a sound- 
ing body. Finally, when 
the wire of the sonometer 
u F, Fig. 31, is plucked, tlie 
sound is loud and full, be- 
cause the instrument is epe- 
cially constructed to take 
Up the vibrations of the 
wire. 

The importance of em- 
ploying proper sounding ajj- 
parattis in stringed Insti-u- 
tnents is rendered manifest 
by these experiments. It is 

not the strings of a harp, or a lute, or a piano, or a violin, 
that throw the air into sonorous vibrations. It is the large 
Borfaces with whicli the strings are associated, and the air 
inclosed by these surfaces. The goodness of such instrn- 
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ments depends almost wholly upon the qiiiilitr and dispo- 

^ition of their sound-boards.' 

Take tlie violin as an example. It is, or ought to be, 
formed of wood 
of tlie iiioet per- 
fect elasticitj'. 
Imperfectly elas- 
tic wood expends 
the motion im- 
parted to it in 
the friction of its 
own molecules ; 
the motion is con- 
verted into heat, 
instead of sound. 
The strings of the 
violin pass from 
the "tail-piece" 
of the instrument 
over the "bridge," 
being tience car- 
ried to the "pegs," 
the turning of 
which regulates 
the tension of 
the strings. The 
bow ia dra^Ti 
across itt a point 
abont one-tenth 
from the bridge. The two 
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;e vibrating surlitcc in cumniiiiiiciCing 
r. Kilburn incloses a mudii:!!] box 'Filliin cum 
of thick felt. TfaroLgh thr cues a wooden rod, which rests upou the box, 
iuaea. When (he box pU^B & tune, it is unheard u long at the rod only 
eiQcrgM; but when t tliic di«k of wood is tiled o 
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•* I'eet " of the bridge rwt upon tJie moet yieldiiig portion 
nf tlie "beUv" of the violin, that is, the portion tliHt lies 
between the two ^/-shaped oritices. One foot is lixed over 
A short rod, the " sound post," which runs from belly to 
bank throngh the iaterior of the violin. This foot of the 
bridge 13 therebv rendered rigid, and it is iiiaiulj throogli 
tlie other fuot, which is not thus supported, that the vibra- 
tions are conveyed to the wood of the instrument, and 
thence to the air within and without. Tlie sonorous qual- 
ity of the wood of a rioiin is mellowed by age. The very 
act of playing also has a bcneticial influence, flp|>arently 
coiistraining the molecules of the wood, which in the first 
instance might be refractory, to conform at la5t to the re- 
quirements of the vibrating strings. 

This is the place to make the promised reference (page 
3S) to Prof. Stokes's explanation of the action of sound- 
boards. Although the amplitude of the vibrating-board 
may be very small, still its larger area renders the abo- 
lition of the condensations and rarefiictiuns difficult. The 
air cannot move away in fi-ont nor slip in behind be- 
fore it is sensibly condensed and rarelied. HetR-e with 
such vibrating bodies sound-waves may he getienited, luid 
load tones produced, while 
t the thin strings that set them ^" **" 

in vibration, acting alone, 
are qnite inaudible. 

The increase of sound, 
produced by the stoppage 
nf lateral motion, has been 
experimentally illustnited 
by Prof. Stokea. Let the 
two black rectangles in Fig. 
34 represent the section of a tuning-fork. After it hna 
been made to vibrate, place a sheet of paper, or the blade 
of a broad knife, with its edge pariillel to the axis of tbr 
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fork, and ae Dear to the fork as may be without touching 
If the obstacle be bo placed that the eectioit of it is a. or 
B no effect ig produced ; but if it be placed at o, so aa to 
prevent the reciprocating to-and-fro movement of the air, 
which tends to abolish the coodensatiouB and rarefactioi 
tlie Bound becomes much stronger. 

§ 2. Laws of V^rating Strings. 

Having thus learned how the vibrations of strings 
rendered available iu music, we have next to investigate 
the laws of such vibrations. I pluck at its middle point 
the string b b', Fig. 31. The sound heard is the funda- 
mental or lowest note of the string, to produce which it 
swings, as a whole, to and fro. By placing a movable 
bridge under the middle of tlie string, and pressing the 
string against the bridge, it is divided iuto two equal 
parte. Plucking either of those at its centre, a musical 
note is obtained, which many of you recognize as the 
octave of tiie fundamental note. In all cases, and with 
all instruments, the octave of s note is produced by 
doubling the number of its vibrations. It can, moreover, 
be proved, both by theory and by tlie siren, that this half 
fltring vibrates with exactly twice the rapidity of the whole. 
In the aame way it can be proved that one-thu-d of the 
string vibrates with three times the rapidity, producing a 
note a fifth above the octave, while one-fourth of the 
string vibrates with four times tlie rapidity, producing 
the double octave of the whole string. In general terms, 
the number of vibratvma is inversely jtrojioi'ti&nal to i/u 
lengtli, of the string. 

Again, the more tightly a string is stretched the more 
rapid is its vibration. When this comparatively slack 
string is caused to vibrate, you hear its low fundamental 
note. By turning a peg, round which one end of it is 
coiled, the string is tightened, and the pitch rendered 
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higher. Taking hold with mj le£t band of the weight n 
attached to the wire b b' of our sonometer, and placking 
the wire with tLe fingers of my right, I alternately press 
upon the weight and lift it. The quick variatione of ten- 
eion are expressed by a varying wailing tone. Kow, the 
.lumber of vibrations executed in the unit of time beaiB a 
definite rehtlion to the stretching force. Apphnng differ- 
ent weights to the end of the wire b b', and determining in 
each case the number of vibrations executed in a second, 
we find the numbers thus obtained to be pi-oportional to 
the square roots of the stretching weights. A string, for 
example, stretched by s weight of one pound, executes a 
certain number of vibrations per second; if we wish to 
double this number, we must stretch it by a weight of four 
pounds; if we wish to treble the number, we must apply 
a weight of nine pounds, and so on. 

The vibrations of a string also depend upon its thick- 
ness. Preserving the stretching weight, the ienglh, and 
the material of the string constajit, tite number of vihra- 
tioTis varies inversely as the thickness of the string. If, 
tlierefore, of two strings of the same material, equally 
long and equally stretched, the one has twice the diam- 
eter of the other, the thinner string will execute double 
the number of vibrations of its fellow in the same time. 
If one string be three times as thick as another, the latter 
will execute three times the number of vibrations, and 
■0 on. 

Finally, the vibrations of a string depend upon the 
density of the matter of which it is composed. A platinum 
wire and an u-on wire, for example, of the same length 
»nd thickness, stretched by the same weight, will not vi- 
brate with the same rapidity. For, while the specific 
gravity of iron, or in other words its density, is 1 %, that 
<rf platinum is 21-5. All other conditions remaining the 
same, the n-umher of vihi-ations is inversely proportional to 
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t/u square root qft/ie density of iJte string. If the density 
of one sti-ing, therefore, be one-foiirtb tbat of another of 
the same length, thickness, and tension, it will execute 
its vibrations twice as rapidly ; if its dciiBity be one-ninth 
that of the other, it will vibrate with three times the 
rapidity, and so on. Tlie two last laws, taken togethci', 
may be expressed thus : The number of vibrations is ittr 
versely p'ojwrtional to the square root of tlie weight of 
the string. 

In the violin and other stringed instruments we avail 
ourselves of tliicknesB instead of length to obtain the 
deeper tones. In the piano we not only augment the 
thickneBS of the wires intended to produce the bass notes, 
but we load them by coiling round thera an extraneous 
enbstance. They resemble horses heavily jockeyed, and 
move more slowly on account of the gi-eater weight im- 
posed upon the force of tension. 

% 3. Mechaiiiad JUustrationa of Vibraiioni. Progrea- 

give and Stationary Waves. Ventral Segments and 

Ifodes, 

These, then, are the four laws which regulate the 
transverse vibrations of strings. We now turn to certain 
allied phenomena, which, though they involve mechanical 
considerations of a rather complicated kind, ntay be com- 
pletely mastered by an average amount of attention. And 
they mvsl be mastered if we would thoroughly compre- 
hend the philosophy of stringed instruments. 

From the ceiling o, Fig. 35, of this room hangs an India- 
nibber tube twenty-eight feet long. The tube is filled 
with sand to render its motions slow and more easily fol- 
lowed by the eye. I take hold of its fi-ee end a, stretch the 
tube a little, and by properly timing my impulses cause it 
to swing to and fro as a whole, as shown in the figure. It 
h&B Its definite period of vibration dependent on its length, 



■'S'-'h I 



STATIONARY AND PROGRESSIVE WAVES. 



121 I 



1 



v 



weight, thickness, and tension, and my ini]>ulscs niust syn* 
clironize with that period. 

I now Btop the motion, and by a sudden jerk raise i 
hump opon tlie tube, which nine along it as a. pulse toward 

its fixed end ; here the hump 
^ reverses itself, and nins back 

to my hand. At the fixed end 

of the tube, in obedience to 

the law of reflection, the pulse 

reversed both its position and 

the direction of its motion. 

Supposing c. Fig. 3fi, to be 

the fixed end of the tulte, and 

a the end held in tlie hand : if 

tlie pulse on reaching c have 

the position shown in (l),after 

reflection it will have the posi- 
tion shown in (S). The arrows 

mark the direction of progres- 
sion. The time requii^ed for 

the pulse to pass from the 

hand to the fixed end and 

back is exactly that required 

to accomplish one complete 

vibration of the tube as a 

whole. It is indeed the ad- 
dition of such impulses which 

causes the tube to coutiime 

to vibrate as n whole. 

If, instead of a single 

jerk, a succession of jerks be 

imparted, thereby sending a 
■cries of pukes along the tube, every one of them will be 
pcficcted above, and we have now to inquire how the 
direct and reflected pulses behave toward each other 
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Let the time required by the pulse to pnss from mj 
hand to the fixed end be one second ; at the end of half a 
second it occupies the position a h (1), Fig. 37, its fore- 
moBt point having reached the middle of the tube. At 
the end of a whole second it would have the position I o 
(2), its foremost point having 
reached the fised end c of the 
tube. At the moment when re- 
flection begins at c, let another 
jerk be imparted at a. The 
reflected pulee from c moring 
with the same velocity as this 
direct one from a, the foremost 
points of both will arrive at the 
centre i (3) at the same moment. 
What must occur ? The hump 
a h wishes to move on to c, and 
7 V y to do so must move the point 

'' I to the right. Tlie hump c b 
wishes to move toward a, and 
to do so must move the point b 
to the left. The point b, urged 
by equal forces in two opposite 
directions at the same time, will 
not move in either direction 
Under these circumstances, tlje 
two halves a b,b a oi the tube 
will oscillate as if they were in- 
dependent of each other (4). 
" ■' '' J Thus by the combination of 

two pro^essive puhes, the one 
direct and the other reflected, wc produce two Blationarg 
pulses on the tube a c. 

The vibrating parts a I and b o are called ventral se^ 
msnU ; the point of no vibration 6 is called a iiode. 

The term " pulse " is here used advisedly, instead ol 
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Uie more usual term wave. For a ware embraces tvo ot 
these poises. It embraces both the hump and the de- 
pression which follows the hninp. The length of a wave,, 
therefore, ia twice that of a ventral segment. 

Supposing the jerks to be so timed as to cause each 
bump to be one-third of the tube's length. At the end of 
one-third of a second from starting the pulse will be in 
the position a b (1), Fig. 38. In two-tbirds of a second il 
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will have reached the position b b' {2), Fig. 38. At thia 
moment let a new pnlse be started at a ; after the lapse of 



ISj4 sound 

an entire second Eroin the commencemeiit we shall havt 
two hninps upon the tnbe, one occupying the position 
.0 5 (3), the other the position 6' o (3). It is here luanifest 
that tlie end of the reflected pulso from c, and the end o£ 
the direct one from a, will reach the point h' at the eauie 
moment. We shall therefore hfive the state of tliingd rep- 
resented in (4), where b b' wishes to move upii\'ard, and 
a y to move downwaM. The action of both upon the 
point V being in opposite dJi'eetions, that point will i-e- 
main fixed. And from it, as if it were afxed point, iha 
pulae h b' will he reflected, while the segmejU V c will 
oaoiUate as an independent string. Supposing that at 
the moment b b' (4) begins to be reflei'ted at b' we start 
another pulse from a, it will reach h at the same moment 
tiie pulse reflected from i' reaches it. The pulses will 
neutralize each other at b, and we shall have there a sec- 
ond node. Thus, by properly timing our jerks, we divide 
the rope into thi-ee ventral segmejita, separated from each 
other by two nodal points. As long as the agitation con- 
tinues the tube will vibrate as in (6), 

There is no theoretic limit to the number of nodes 
and ventral segments that may be thus produced. By the 
quickening of the impulses, the tube is divided into four 
ventral segments sepamted by three nodes; quickening 
still more we have five ventral eegments and four nodes. 
With this particular tube the hand may be caused to 
vibrate sufficiently quick to produce ten ventral segments, 
as shown in Fig. 38 (7). When the stretching force ia 
constant, the number of ventral segments is jiroportiona! 
to the rapidity of the Iiand"a vibration- To produce 
3, 3, 4, 10 ventral segments requires twice, tiuee times, 
four times, ten times the rapidity of vibration neceaaaiy 
to make the tube swing as a whole. When the vibration 
is very rapid the ventral segments appejir like a series 
of 6liafio\\-y spindles, separated from cadi other by dark 
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motionless oodee. The experiment is a lieaatifiil one, and 
it ia eaeily performed. 

U, instead of moving the Land to and fro, it be cansed 
to describe a small circle, the ventral segments become 
"sErfaees of reTolution." Instead of the band, moreover, 
we may employ a hook turned by a whirling-table. Before 
you is a cord more rigid than the India-ntbber tube, 25 
feet long, with one of its ends attached to a freely-moving 
swivel fixed in the ceiling of the room, Py turning the 
whirling-table to which the other end is attached, this 
cord may be divided into as many as 20 ventral Bejrment^ 
separated from each other by their appropriate nodes. In 
another arrangement a string of catgut 12 feet long, 
with silvered beads strung along it, is stretehed horizon- 
tally between a vertical wheel and a frre swivel fixed in a 
rigid stand. On turning the wheel, and properly regu- 
lating both the tension and the rapidity of rotation, the 
beaded cord may be caused to rotate as a whole, and to 
divide itself auceesaively into 2, 3, 4, or 5 venti-al seg- 
ments. Wlien we envelop the cord in a luminous beiim, 
every spot of light on every bead describes a brilliant cir- 
cle, and a very beautiful experiment is the result. 

§ 4. Mechanical lUustrntlona of Vamping Variotes 
Points of VHii-ating Cord. 
The subject of statwnary waves was first experimen- 
tally treated by the MeEsra. Weber, in their excellent re- 
warches on wave-motion. It is a subject whidi will well 
repay your attention by rendering many of the most diffi- 
cult phenomena of musical strings perfectly intelligible. 
It will make the eoimection of both classes of vibrations 
more obvious if we vary our last experiraentB. Before you 
is a piece of Lidia-rubber tubing, 10 or 12 feet long, 
stretched from o to a. Fig. 39, and made fast lo two pins 
at and a. The tube is blackened, and behind it is 
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placed a surface of white paper, to render its motions 
more visible. Encircling the tube at its centre b (1) by 
the thumb and forefinger of my left hand, and taking 
the middle of the lower half S a of the tube in my right, 
I pluck it aside. Kot only does the lower half swing, but 




the upper half also ie thrown into vibration. Withdraw- 
ing the bands wholly from the tube, its two halves a b 

and b c continue to vibrate, being separated from each 
other by a node b at the centre (2). 

I now encircle the tube at a point b (3) one-third of 
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TBE XODES NOT FOISTS Of ABSOLCTE REST. 

ite leugtb from ita lower end a, and, taking hold of a i at- 
its centre, pluck it aside ; the length £ e above my hand 
instantly divides into two vibrating eegmenta. With* 
drawing the hands whollv, ;ou see the entire tabe divided 
into three ventral segments, separated fn>m each other by 
two motionless nodes, J and b' (4). I pass on to the point 
b (5), which marks oS one-fourth of the length of the 
tube, encircle it, and pluck the diorter segment aside. 
The longer segment above mj hand divides iteelf inune- 
diatety into three vibrating parts. So that, on withdraw- 
ing the hand, the whole tube appears before yoa divided 
into four ventral segments, separated from each other by 
three nodes b b' b" (6). In precisely the same way the 
tube may be divided into five vibrating segments with 
four nodes. 

This sudden diWsion of the long upper segment of the 
tube, without any apparent cause, is very surprising ; but if 
you grant me your attention for a moiueut, you will find 
that these experiments are essentially similar to those 
which illustrated the coalescence of direct and reflected 
nndolations. Reverting for a moment to the latter, yoa 
observed that the to-and-fro motion of tlie band through 
the space of a single inch was sufficient to make the 
middle points of the ventral segments vibrate through a 
foot or eighteen inches. By being properly timed the 
irapnlses accumalated, until the amplitude of the vibrat- 
ing segments exceeded immensely that of the hand which 
produced them. The hand, in fact, constituted a nodal 
point, BO small was its comparative motion. Indeed, it ia 
osual, and correct, to regard the ends of the tube also aa 
Dodal points. 

Consider now the case represented in (1). Fig. 39, where 
the tube was encircled at its middle, the lower segment 
a b being thrown into the vibration corresponding to its 
length and tension. The circle formed by the finger and 
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tlinmb permitted tlie tnbe to oecilUte at the point t 
tbroiigli the space of an ioch ; and tlie vibrations at ihat 
point acted npon the apper half b e exactly as my hand 
acted wben it caused the tube suspended from the ceiling 
to swing a& a whole, as in Fig. 35. Instead of the timid 
vihratiuns of the hand, we hare now tfae timid vibratiooB of 
the lower haif of the tube ; and these, though narrowed to 
an iucb at the place clasped by the finger and tbnmb, soon 
accaniolate, and finally produce an amplitude, in the upjier 
half, far exceeding their own. The same reasoning appliea 
to all the other cases of subdivision. If, instead of encii^ 
cling a point by the tinger and thumb, and plucking the 
portion of the tube below it aside, that same point were 
taken hold of by the hand and agitated in the period proper 
to the lower segment of tlie tube, precisely the same effect 
would be produced. We thus reduce both effects to one 
and the same cause; namely, the combination of direct 
and reflected undulations. 

And here let me add that, when the tube was divided 
by the timid impulses of the hand, not one of its nodes 
was, etrictly speaking, a point of no motion ; for were the 
nodes not capable of vibrating through a very small ampli- 
tude, the motion of the various segments of the tube could 
not be maintained. 

§ 5. Stationary Water-waves. 

What is true of the nndulations of an India-rubber 
tnbe applies to all nndulations whatsoever. Watcr-wave», 
for example, obey the same laws, and the coalescenco 
of direct and reflected waves exhibits similar phenomena. 
This long and narrow vessel with glass sides, Fig. 40, is a 
copy of the wave-canal of the brothers Weber. It is filled 
to the level a b with colored water. By tilting the end a 
suddenly, a wave is generated, which moves on to b, and 
18 tlicre reflected. By sending forth fresh waves at the 
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ptx)per intervals, the surface is divided into two stationary 
ondalatioDS. Making the snccession of impnlses more 
impid we can subdivide the surface into three, four (shown 
in the figure), or more sUtioii.iry undtdations, separated 
from each ol^er b; nodes. The step of a water-carrier is 
KMuetimes so timed as to throw the stbface of the water In 
his vessel into stationary waves, which may augment in 
height aiitil the water splashes over the brim. Practice 
has taoght the water-carrier what to do; he changes his 
step, alters the period of his impulses, and thus stops the 
accnmulatiou of the motion. 

In traveling recently in the oonp^ of a French railway 
carriage, I had occasion to place a bottle half filled with 
water on one of the little coDp6 tables. It was interesting 




to observe it. At times it woold be quite still ; at times 
it would oscillate violently. To the passenger within the 
carriage there was no eendble change in the motion of the 
train to which the diSerence could be ascribed. Bat in 
the one case the tremor of the carriage contained no vibra- 
tions synchronous with the oscillating period of the water, 
wlule in the other case such vibrations were present. Oat 
of the confused assemblage of tremors the water selected 
the particular constituent which belonged to itself, and 
declared its presence when the traveler was utterly uncon- 
BciooB of its introduction 



S 6. Application qf Mechanical lUuatratlmis to 2Luiical 
Strings. 

From these comparatively gross, but by no means un 
beaatiful, meciianieal vibrationB, we paea to those of a 
sounding string. In tlie experiments with our nionocbord, 
when the wire was to be shortened, a movable bridge was 
employed, against which the wire was pressed so as to 
deprive the point resting on the bridge of all possibility 
of motion. This strong pressure, however, is not neces- 
sary. Placing the feather-end of a goose-quill lightly 
against the middle of the string, and drawing a violin-bow 
over one of its halves, the string yields the octave of the 
note yielded by the whole string. The mere darning of 
the string at the centre, by the light touch of the featier, 
is safBcient to cause the string to divide into two vibrating 
segments. Nor is it necessary to hold the feather there 
throughout the experiment : after having drawn the bow, 
the feather may be removed; the string will continue to 
vibrate, emitting the same note as before. We have here 
a case exactly analogous to that in which the central point 
of our stretched India-rubber tube was damped, by encii^ 
cling it with the finger and thumb as in Fig. 39 (1). Not 
only did the half plucked aside vibrate, but the other half 
vibrated also. We can, in fact, reproduce, with the vi- 
brating string, every eSect obtained with the tube. This, 
however, is a point of such importance as to demand full 
ejqierimental illustration. 

To prove that wlien the centre is damped, and the bow 
drawn across one of the halves of the string, the other 
half vibrates, I place across the middle of the untouched 
lialf a little rider of red paper. Damping the centre and 
drawing the bow, the string shivers, and the rider is over- 
thrown, Fig. 41. 

When the string is damped at a point which cuts oil 
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DIVISION OF MUSICAL STRINGS. 



oaeilurd of its length, and the bow drawn across the 
shorter section, not only ifl tliie section thereby thrown 
into vibration, but the longer seutiou diviJea it&elf into 
two ventral Bcginents with a node between thecn. Tlus is 
proved by placing small riders of red paper on the ventral 




segments, and a rider of blue paper at the node. Passing 
the bow across the short segment you observe a fluttering 
of the red riders, and now they are completely tossed off, 
while the blue rider which crosses the node is undisturbed, 
Fig. 43. 

Damping the string at the end of one-fourth of its 




length, the bow Is drawn across the shorter section ; the 
remaining three-fonrths divide Ihemselvea into three ven 
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tral segmentB, with two nodes between them. TluB 13 
proved by tlie uuhorsiiig of the three ridera placed astride 
the ventral seginentB, lie two at the nodes keeping their 
places imdisturbed, I'ig. 43. 

Finally, damping the string at the end of one-fifth of 




its length, and arrangiug, as before, the red riders on the 
ventral segments and the blue ones on the nodes, by a 
single sweep of the bow the four red riders are unhorsed, 
and the three blue ones left undisturbed, Fig, H. In thia 
way we perform with a sounding string the same series of 

Fu. M. 




experiments that were formerly executed with a stretc 
India-rubber tube, the results in both cases being ids 
ticaL' 

 Ohlsdni remark* (" Akiutik," P- S(l)thatltlsasiid to aaorlbe to Sinvi 
die discorerj, in ITOI, of the node* or tibratluo oorrecponding u ' 
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make, if poseible, this identity Btill more evident to 
stout Bteel wire 28 feet in length iB etretclied 
beliind the table from side to side of tiia room. I take 
the central point of this wire between my finger and 
thumb, and allow ray assistant to pluck one-half of it 
aside. It vibrates, and the vibrations transmitted to tho 
vther half are sufficiently powerful to toss into tlie air a 
large sheet of paper placed astride tho wire. With thia 
long wire, and with riders not of one-eighth of a square 
inch, bntof 30, 40, or 50 square inches in area, we may 
repeat all the experiments which you have witnessed with 
the musical string. The sheets of paper placed across the 
nodes remain always in their places, while those placed 
astride the ventral segments are tossed simultaneously into 
the air when the shorter segment of tlie wire is set in vi- 
bration. In this cose, when cloae to it, yon can actually 
see the division of the wire. 

§ 7. Melde's EeperimeTits. 

It is now time to introduce to jour notice some recent 
experiments on vibrating strings, which appeal to the eye 
with a beauty and a delicacy far surpassing anything 
attainable with our monocliord. To M, Melde, of Mai^ 
burg, we are indebted for this new method of exhibiting 
the vibrations of strings. The scale of the experiments 
will be here modified so as to suit our cirenni stances. 

First, then, you observe bei-e a largo tuning-fork T, 
Fig. 45, with a small screw fixed into the top of one of ite 
jirongs, by which a silk string can be firmly attached to 
the prong. From the fork the string passcB round a dis- 
tant peg p, by turning which it may be stretched to any 
required extent. When the bow is drawn across the fork, 
an irregular flutter of the string is the only result. On 

tnnea r>r ttrings; but tlml Noble ^ad Pigott hail made [lie dlscoiory in 0(- 
Tonl in 1978, inj that Ssureur declined ilie honor of the (lisoaTerj when br 
found ihst others had made the abserrhtioQ biT'irc him. 
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tightoning it, however, when at the proper teuslon it 
expandB into a beaatiful gauzy spindle six feet long, more 
than six inches across at its widest part, and shining with 
a kind of pearly lustre. The stretehing force at the pres- 
ent moment is such thiit the string swings to and fro as a 
whale, its vibrations being executed in a vertical plane. 

Eelaxing the string gradually, when the projier tension 
has been reached, it suddenly divides into two ventral 
segments, separated from each other by a sharply-defined 
and apparently motionless node, 

While the fork continues vibrating, if the string be 




relaxed still farther, it divides into three vibrating parts. 
Slackening it still more, it divides into four vibrating parts. 
And thus we might continue to subdivide tlie string into 
ten, or even twenty ventral segments, separated from each 
other by the appropriate number of nodes. 

When white-silk strings vibrate thus, the nodes appear 
perfectly fixed, while the ventral segments form epindlea 
of the most delicate beaaty. Every protuberance of the 
twisted string, moreover, writes its motion in a more or 
less luminous line on tlie surface of the aerial gauze. 
The four nodes of vibration just illustrated are represented 
in Fig. 46 (next page), 1, 2, 3, 4.' 
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When the synchroniBtn between fork and string is 
perfect, the vibrationB of the atring are steady and long- 

IBontinued. A slight departure from sytichrouism, how- 
pver, introducea nneteadinesB, and the ventral segments, 

thongh tliej may show theiaselvee for a time, quicklj 
disappear. 

In the experimenta just executed the fork vibrated in 
the direction of the length of the string. Every forward 

of • ttmlng-fork, vltli iu prongs 2 im^liiis apart, and Bupported on  hesTj 
■Und, Th« cord attitched lo it vhb D feet long ind i qu&rter of sn iooh 
thick. Tlie prongs were tlironn into fibration by atriliiDg tbem brilklj 
with two picocs of lead oovcred with puds and held oao in each hand. Tha 
prongB libraled lnmg»«r*elj lo the cord. The vibrations produced bj a 
lingle stroke were sufficient to carry the cord through several of Its subdi- 
tiaions and ba«k to a singlu ventral segnient. Thai is to say, by striluDg 
the prongs and cauaiog the oord la vibrnte >s a whole, it could, by relaxing 
(lie temion, he caused to divide into two, three, or four vibrating segiaenli ; 
md then, by increasing the lensioti, to pass back through four, three, and 
tiro dlrlgiona, to one, loiMou* renrmitg Ow aji'alirm of llu prong*. The 
cord was of each a character that, instead at oscilluling to and tra in llie 
•ame plane, each of iu poiaia described a circle. The ventral aegmeula, 
tbcnfore, instead of being flat surfaces were eurfaceB of revolotJon, and 
ally well seen rrnm all parts of the room. Tlia tuning-forks 
employed in tha subsequent illualratious were prepared for me by that ei- 
cctlent acouatio mechanician, KDnlg, of Paris, being Eu<:b as are luaall} 
'«np1oy«d in the projection of Llaa^Jou'e eiperimenu. 
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Btroke of the fork raised a protuberance, which ran to the 
fixed end of the etring, and was there reflected ; so that 
when the loTigitudinal impulses were properly timed they 
produced a transverse vibration. Let us consider tliie 
further. One end of this heavy cord is attached to a 
book A, Fig. 47, fixed in the wall. Layiug bold of the 
other end I stretch the cord horizontally, and then move 
my hand to and fro in the direction of the cord. It swings 
03 a whole, and you may notice that always, when the cord 
is at the limit of its swing, the hand is in its most forward 
position. If it vibrate in a vertical plane, the hand, in 
order to time the impulses properly, must be at its for- 
ward limit at the moment the cord reaches the upper 




boundary, and also at the moment it reaches the lower 
boimdary of its excursion. A httle reflection will make it 
plain that, in order to accomplish this, the hand must 
execute a complete vibration while the cord executea a 
semi-vibratiot. ; in other words, the vibrations of the hand 
must be twice as rapid as those of the cord. 

Precisely the same is tnie of our tuning-fork. When 
the fork vibrates in the direction of the strmg, the number 
of vibrations which it executes in a certain time is twice 
the number executed by the string Itself. And if, while 
arranged thus, a fork and string vibrate with sufficient 
rapidity to produce musical notes, the note of the fork 
will he an octave above that of the string. 

But if, instead of the hand being moved to and fro iu 
the direction of this heavy cord, <t is moved at right angles 




I 



STEING8 KkCITED BY TUNKG-FOBKS. 

to that direction, then every upward movement of the 
band coincides with an upward movement of the cord ; 
every downward movement of the hand with a downward 
movement of the cord. In fact, the vibrations of liand 
and string, in thia case, synchronize perfectly ; and if the 
hand could emit a musical note, the cord would emit a 
note of the same pitch. The same holds good when a vi- 
brating fork is substituted for the vibrating hand. 

Hence, if the string vibrate as a whole when the vibra- 
tions of the fork are along it, it will divide into two ven- 
tTftl segments when the vibrations are across it ; or, more 
generally expressed, preserving the tension constant, what- 
ever be the uoraher of ventral segments produced by the 
fork when its vibrations are in the direction of the string, 
twice that number will be produced when the vibrations 
are transverse to the string. The string a b, for example^ 
Figs. 48 and 49, passing over a pulley b, is stretched by a 
definite weight (not shown in the figure). When the tun- 
ing-fork vibrates along it, as in Fig. 48, tlie string dividee 



into two equal ventral segments. Wlien the fork is turned 
BO that it shall vibrate at right angles to the string, the 
uumberof ventral segments ia four, Fig. 49, or double the 



former number. Attaching two stnnghol th<> same length 
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to the same fork, the one parallel &iid the other perpendio 
ular to the direction of vibration, and Btretcbing both with 
equal weights, wheu the fork ia caused to vibrate, one of 
them divides itself into twice the number of ventral s^ 
meats exhibited by the other. 

A number of exquisite effects may be obtained with 
these vibrating cords. The path described by any point 
of any one of tliem may be studied, after the niamier of 
Dr. Young, by illuminating that point, and watching the 
line of light which it describes. This is well illustrated by 
a fiat burnished silver wire, twisted so as to fonn a spiral 
surface, from which, at r^ular intervals, the light flashes 
when the wire is illuminated. When the vibration is 
steady, the Inminons spots describe straight lines of smilike 
brilliancy. On slackening the wire, but not so much as 
to produce its next higher subdivision, upon the larger 
motion of the wire are superposed a host of minor motions, 
the combination of all producing scrolls of marvelous 
complication and of indescribable splendor. 

In refleL'ting on the best means of rendering these 
efEects visible, the thought occurred to me of employing ft 
fine platinum wire heated to redness by an electric current 
Such a wire now stretches from a tuning-fork over a bridge 
of copper, and then passes roimd a peg. The copper 
Imdge ou the one hand and the tuning-fork on the other 
are the poles of a voltaic battery, from which a current 
passes through the wire and causes it to glow. On draw- 
ing the bow across the fork, the wire vibrates as a whole ; 
its two ends are brilliant, while its middle is dark, being 
chilled by its rapid passage through the air. Thus yon 
have a shading off of incandescence from the ends to the 
centre of the wire. On relaxing the tension, the wire 
divides itself into two ventral segments; on relaxing still 
further, we obtain three; still further, and the wire divides 
into four ventral segments, separiited from each other by 
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tli/ee brilliant nodee. Right and left from every node the 
ineandescence shades away until it disappears. You notice 
also, when the wire eettlea into steady vibration, that the 
nodes shine out with greater brilliancy than that possessed 
by the wire before the vibration conimeneed. The reason 
is this. Electricity passes more freely along a cold wire 
tlian along a hot one. When, therefore, the vibrating 
segments are chilled by their swift pa^^age through tlie 
air, their conductivity is improved, more electricity passes 
through the vibrating than through tlie motionless wire, 
and hence tlie augmented glow of the nodes. If, previous 
to the agitation of the fork, the wire be at a bright-rod , 
heat, when it vibrates its nodes may be raised to the tem- 
perature of fusion. 

§ 8. Wew Mode of determining th^ Laws of Vibration, 
We may extend the experiments of M. MelJe to the 
establishment of all the laws of vibrating strings. Here 
are four tiining-foiks, which we may call a, 6, c, d, whose 
rates of vibration are to each other as the numbers 1, 2, 4, 8. 
To the largest fork is attached a string, a, stretched by a 
weight, which cansea it to vibrate as a whole. Keeping 
the stretching weight the same, I determine the lengths of 
the same string, which, when attached to the other three j 
forks, }, c, d, swing as a whole. The lengths in the four ] 
respective cases are as the numbers 8, 4, 2, 1. 

From this follows the first law of vibration, already es- 
tablished (p. 118) by another method, viz.: tAe length of 
the string ia inversely jproportional to the rapidUy of vi- 
ttvHon.' 

In this case the longest string vibrates as a whole when 

'A nring steeped hi 1 Eolutlon of thesulphite of quinine, and Uluminated 
by the Tiolct rnya or the clcdrio Ump, exbibita brilliant fluorescence. Wlian 
Ihe foric Ut wbivh it ia >ltitched Tibralas, the siring divides itself into * mlef 
of fpindlca, and supsraled Trom each other by more inteoBely It 
emitting a tigbt ol' the moat dvlicnie greenish-blue. 



^^^ (mining a I 



I 



140 SOtlND. 

attsched to the fork a, I now transfer t^e string to h, still 
keeping it stretcLed bv the same weight. It vibrates when 
b vibratee ; but how i By diiiding into two equal ventral 
segments. In this way atone can it accommodate itself to 
the swifter vibrating period of b. Attached to c, the 
•ame string separates into four, while when attached to d, 
it divides into eight ventral segraents. The number of 
the ventral segments is proportional to the rapidity of vi- 
bration. It is eWdent that we have here, in a more deli- 
cate form, a result which we have already eetablished in 
the cafieof our India-ntbbertube set in motion by the hand. 
It is also plain that this result might be deduced theore^ 
itally from our first law. 

We may extend the experiment. Here are two tuning- 
furks separated from each other by the musical interval 
called a fifth. Attaching a string to one of the forks, I 
stretch the string until itdividesinto two ventral segments: 
attached to the other fork, and stretched by the same 
weight, it divides instantly into three segments when the 
fork is set in vibration. Now, to form the interval of a 
fifth, the vibrations of the one fork must be to those of the 
other in the ratio of 2:3. The division of the string, 
therefore, declares the interval. In the same way thedivia- 
iou of the string in relation to all other musical intervals 
may be illustrated.' 

Again. Here are two tuning-forks, a and h, one of 
which (a) vibrates twice as rapidly as the other. A string 
of silk is attached to a, and stretclied until it synchronizes 
with the fork, and vibrates as a whole. Here is a second 
string of the same length, formed by laying four strands 
of the first one side by side. I attach this compound 
thread to b, and, keeping the tension the same as in the 
last experiment, sot b in vibration. The compound thread 
 The tut^ect of miuic«l inicrrkts iHtl be trcaled in a lutneqaciM Icct 




■yndiruaixes irith ^ and swings as a irbole. HeiKe, aa 
the fork b vibolaa witli Italf the rapidity of a, hj qoad- 
rapliog die vdglit of the string we haired iu rapidity of 
vibratioD. In the same ample way it might be proved 
that by aogmoituig the weigtit of the string nine time« 
we reduce the oamber of ita ribrations to one-third. We 
thus denKHWtrate the bw : 

Tie rapidity of miration it iitwtrteljf proj>ortioKal to 
ths sjvara root of tKs veight of the string. 

Aa inatmctiTe coofinii&tioa of this resalt is thos ob- 
Uined : Attached to this tnning-fork e a dlk string six 
feet long. Two feet of the string are composed uf four 
fltnadt of the eingle thread, placed side by side ; the re- 
roaiwiwg ifjfa feet are a sii^le .thread. A Btretching force 
is ^^Ued, which causes the string to divide into two fen- 
bal aEigmeots. But bow does it divide I Not at its 
centre, is is the case when the string b of naiform tbiet- 
nem throoghont, bnt at the precise point where the thick 
string tenninates. This thick segment, two feet long, is 
now vibrating at the same rate aa the thin seg;ment four 
feet long, a result which follows by direct deduction &om 
the two laws already established. 

Here again are two strings of the same length and 
thickness. One of them is attached to the fork a, the 
3ther to the fork b, which vibrates with twice the rapidity 
of a. Stretched by a weight of 9(' grains, the string 
ittacfa(.-d to b vibrates as a whole. Substitnting b for a, a 
weight of SO grains caoses the string to vibrate as a 
whole. Hence, to doable the rapidity of vibration, wti 
most quadnrple the stretching wdght. In the same ■m/ 
it might be proved that to treble the rapidi^r of vibra- 
ti<m we shonld have to make the stretching wei^t nine- 
fold. Hence our third law : 

The rapidity ofvU^ration i« proporHanal to the tqvart 
root of fhe tfvsion. 
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by tlieee latter vibrations are called the harmonica of the 
Htring, And so it is n'ith other Bounding bodies ; we have 
in alt cases a coexistence of vibintions. Higher tones 
mingle with the fundamental one, and it is their inter- 
mixture which detenaines what, for want of a better 
tenn, we call the quality of the sound. The French call 
it timbre, and the GemianB call it Klangfarhe.' It is this 
anion of high and low tones that enables us to distingoibh 
one musical instrument from another. A claiionet and a 
violin, for example, though tunod to the same fundamental 
note, are not confounded ; the auxiliary tones of the one 
are different from those of the other, and these latter tones, 
uniting themselvea to the fundamental tones of the two 
inBtruments, destroy the identity of the sounds. 

411 bodiea and instniments, then, employed for pro- 
ducing musical sounds emit, besides their fundamental 
tones, othei's due to higher orders of vibration. The Ger- 
mans embrace all aueh sounds imder the general terra 
Obertone, I think it will be an advantage if we in Eng- 
land adopt the term overtones as the equivalent of the 
term employed in Germany. One baa occasion to envy 
the power of the German language to adapt itself to 
requii'ements of this nature. The term Klan^arbe, for 
example, employed by Ilelmholtz is exceedingly expressive, 
and we need its equivalent also. Color depends upon 
rapidity of vibration, blue light bearing to red the same 
relation that a high tone does to a low one. A simple 
i»lor has but one rate of vibration, and it may be regarded 
aa the analogue of a simple tone in music. A tone, then, 
may be defined as the product of a vibration which cannot 
be decomposed into more simple ones. A compound 
color, on the contrary, is produced by the admixture of 
two or more simple ones, and an assemblage of tones, eucb 

 "Tliia qualitj of ■ounci, BOmBtimM called its register, color, or tfmbre." 
— (ThoiiHi ToutiK, " Ehi]' on Mnalc") 




RELATION OF POi.VT FLOCKED TO OTKRTO-NEa liS 

B we obtain when the fnndametital tone and the bsrmonica 
of a string soimd together, is called by the Germana a 
Kuing. May we not employ the English word dang to 
denote the same thing, and thus give tJie tenn a precie« 
scientific meaning akin to its popular one ? And may we 
not, like Helmholtz, add the word eolor or <tn/, to denote 
the character of the clang, nsing the term dang-tint as the 
equivalent of Klangfarbe i 
. 'With your permission I shall henceforth employ theae 
I terms ; and now it liecomeB our duty to look a little 
more closely than we have hitherto done into the sub- 
divi^on of a Btriug into its harmonic segments. Our 
monochord with its stretched wire is before yoa. The 
scale of the instrument is divided into 100 equal purts. 
At the middle point of the wire stands the number 50; at 
a point almost exactly one-third of its length from its 
end stands the number 33 ; while at distances equal to 
one-fourth and one-fiftli of its length from its end stand 
the numbers 25 and 20 respectively. These numbers 
are sufficient for our present ptirpoae. When the wire 
is plucked at 50 you hear its cinng, rather hollow and 
dull. When plucked at 33, the clang is different. When 
plucked at 25, the clang is different from either of the 
former. As we retreat from the centre of the etring, the 
clang-tint becomes more " brilliant," the sound more brisk 
I iind sharp. What is the reason of these differences in the 
I sound of the same wire t 

I Tlie celebrated Thomas Toung, once professor in this 
Institution, enables ns to solve the question. He proved 
that when any point of a string is plucked, all the higher 
tones which require that point for a node vanish from the 
I clang. Let me illiistnite this experimentally. I pluck 
I the point 60, and permit the string to sound. It may be 
t proved that the lirst overtone, which corresponds to a di- 
I vision of the stiing into two vibrating parte, is now absent 
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from the clang. If it were present, tlie damping of the 
point 50 would not interfere with it, for this point would 
be its node. But on damping the point 50 the fundamen- 
tal tone 18 quenched, and no octave of that tone is heard. 
Along with the octave its whole progeny of overtones, 
with rates of vibration four times, six times, eight times — 
all even numbers of timee — the rate of the fundamental 
tone, disappear from the clang, AU these tones require 
that a node ahoutd exist at the centre, where, according 
to the principle of Young, it cannot now be formed. 
Let OB pluck some other point, saj 25, and damp 50 ae 
before. The fundamental tone ia now gone, but its oc- 
tave, clear and full, rings in your ears. The point 60 in 
this case not being the one plucked, a node can form 
there ; it has formed, and the two halves of the string 
continue to vibrate' after tlie vibrations of the string as a 
whole have been extmgulshed. Plucking the point 33, 
the second harmonic or overtone is absent from the clang. 
This is proved by damping the point 33. If the second 
harmonic were on the string tliis would not affect it, for 
33 is its node. "Die fundamental is quenched, but no tone 
corresponding to a division of the string into three vibrat- 
ing parts is now beard. The tone is not heard becanae it 
was never there. 

All the oveitonee which depend on this diviuon, those 
with six times, nine times, twelve times the rate of 
vibration of the fundamental one, are also withdrawn from 
tlie clang. Let us now pluck 20, damping 33 as before. 
The second harmonic is not extinguished, but continues 
to sound clearly and fully after the extinction of the fun- 
damental tone. In (hie case the point 33 not being that 
plucked, a node can form there, and the string can divide 
itself into three parts accordingly. In like manner, if 35 
be plucked and then damped, the third haimoiiic is not 
heard ; but when a point between 25 and the end of tlie 
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wire is plucked, and the point 25 damped, the third har- 
monic 18 plaiiily liesrd. And thus we might proceed, the 
general rule enunciated bj Voung, and illustrated by these 
experiments, being, that when any point of a string i^ 
plocked or struck, or, as Helmholtz adds, agitated with 
a bow, the hannonic which requires that point for a no<le 
vaniehee from the general clang of the string. 

§ 10. Mingling of Oeertonea with fundamental. 

The j£o£ian Harp. 
Ton are now in a condition to estimate the influence 
which these higher vibrations must have upon the quality 
of the tone emitted by the string. The sounds which ring 
in your ears so plainly after the fundamental tone is 
quenched mingled with that note before it was extin- 
guished. It seems strange that tones of such power could 
be 50 masked by tlie fundamental one that even the disci- 
plined ear of a musician is unable to separate the one from 
the other. Butt Helmholtz has shown that this is due to 
want of practice and attention. The musician's fscnltiea 
were never exercised in this direction. There ai-e immer- 
oufl effet'ts which the musician can distinguish, because 
his art demands the habit of distinguishing them. But it 
is no necessity of his art to resolve the clang of an instru- 
roent into its constituent tones. By attention, however, 
even the unaided ear can accomplish this, particularly if 
the mind be informed beforehand what the ear has to bend 
itself to find. 

And this reminds me of an occurrence which took place 
In this room at the beginning of my acquaintance with 
Faraday. 1 wislied to siiow him a peculiar action of au 
w dectro-magnet upon a crystal. Everything was arranged, 
ptrhen just before the magnet was excited he laid hia band 
■>1qx)n my arm und asked, " What ant I to hiok for ? " Amid 
Vfte assemblage of impressions connected with an experi- 
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meiit, even this prince of experimenters felt the advautagg 
of haviDg his attention directed to the special point to be 
iUnetrated. Such help is the more needed when we at- 
tempt to resolve into its constituent parts an effect so 
intimately blended as the composite tones of a clang. 
Wben we desire to isolate a particnlar tone, one way of 
helping the attention is to sound that tone feebly on a 
string of the proper length. Thus prepared, the ear 
glides more readily from the single tone to that of the 
same pitch in a composite clang, and detaches it more 
readily from its eompanione. In the experiments executed 
a moment ago, where our aim in each respective case was 
to bring out the higher tone of the stiing in all its power, 
we entirely extinguished its fundamental tone. It may, 
however, be enfeebled without being destroyed. I pluck 
this string at 3.5, and lay the feather lightly for a moment 
on the string at 50. The f imdamental tone is thereby eo 
much lowered that its octave can make itself plainly heard. 
By again touching the stiing at 50, the fundamental tone 
13 lowered still more ; so that now its first harmonic ia 
more powerful than itself. You hear the sound of both, 
and you might have heard them in the first instance by a 
sofBciL-nt stretch of attention. 

The harmonics of a string may be augmented or sub- 
dued within wide limits. They may, as we have seen, be 
masked by the fundamental tone, and they may also effect- 
nally mask it. A stroke with a hard body is favorable, 
ivhiie a stroke with a soft body is unfavorable to their 
development. They depend, moreover, on the promptness 
with which the body striking the string retreats after 
striking. Thus they are influenced by the weight and 
elasticity of the hammers in the pianoforte. They also de- 
pend upon the place at which the shock is imparted. When, 
for example, a string is stniel; in the centre, the harmoniis 
are less powerful than when it is etruck near one end. 
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THE CLAMG OF PIANO-WIRKS. 

Helmboltz, who is equally eminent aa a matheinatirian 
and as an experimental philosopher, has calculated the 
theoretic intenBit; of the harmonics developed in various 
ways; that is to say, the actual via viva or energy of the 
vibration, irrespective of its effects upon the ear. A single 
example given by him will suffice to illastrste this subject. 
Calling the intensity of the fundamental tone, in each case, 
100, that of the second harmonic, when the string was 
simply pulled ai^ide at a point i^th of its length from its 
end and then liberated, was found to be 56-1, or a little 
better than one-half. When the string was struck with 
the hammer of a pianoforte, whose contact with the string 
endured for ifths of the period of \4bratioii of the funda- 
mental tone, the intensity of the same tone was 9. In this 
case the second harmonic wna nearly quenched. When, 
however, the duration of contact was diminished to ^ths 
of the period of the fundamental, the intensity of the har- 
monic rose to 357 ; while, when the string was sharply 
struck with a very hard hammer, tlie intensity mounted to 
505, or to more than quintuple that of the fundamental 
tone.' Pianoforte manufacturei-a have found that the most 
pleasing tone is excited by the middle strings of their in- 
struments, when the point against which the hammer 
strikes is from ^th to -^th of the length of the wire from 
ita extremity. 

Why should this be the case ? Helmboltz has given 
the answer. Up to the tones which require these points 
u nodes the overtones all form cords witli the funda- 
mental ; but the sixth and eighth overtones of the wire do 
not enter into such chords ; they are dissonant tones, and 
hence the desirability of doing away with them. This is 
accomplished by making the point at which a node is r&- 
quired that on which the hammer falls. The possibility 
of the tone forming is thereby shut out, and its injurious 
efiect is avoided. 

"Ltljre Ton den ToneiDpfladqniien,'' p. 1115 




The fitrings of the ^olian barp ai-e divided into har 
monic parts by a current of air passing over them. The 
iiiatniment is uaiially placed in a window between the sash 
and frame, so as to leave no way open to the eiitranije of 
tbe air except ever tbe strings. Sir Charles Wbeatstone 
ret'oinniends the stretching of a first violin-atriag at the 
bottom of a door which does not closely fit. When the 
door is shut, the current of air entering beneath seta the 
string in vibration, and when a tire is in the room, the vi- 
brations are so intense that a great variety of sounds are 
simultaneously produced.' A gentleman in Basle once 
constructed with iron wires a large instrument which he 
called the weathei--harp or giant-harp, and which, accord 
ing to its maker, sounded as the weather changed. Ita 
sounds were also said to he evoked by changes of terres- 
trial magnetism, Chladni pointed out the error of these 
notions, and reduced the action of the instrument to that 
of the wind upon its strings. 

§11, Young's Optical lUmtratiom. 
Finally, with regard to the vibrations of a wire, the 
experiments of Dr. Young, who was the first to employ 
optical methods in such experiments, must be mentioned, 
He allowed a sheet of sunlight to cross a pianoforte- wire, 
and obtained thus a brilliant dot. Striking the wire he 
caused it to vibrate, the dot described a luminous line like 
that produced by the whirling of a burning coal in the air, 
and tlie form of this line revealed the character of the vi- 
bration. It was rendered manifest by these experiments 
that the oseillationB of the wire were not confined to a 
single plane, but that it described in its vibrations curves 
of greater or less complexity. Superposed upon the vi- 

' TliB kction of audi n Mring in BiibetantUUj tlie utne u that of tbe 
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br&tion of the whole string were partial vibrations, which 
revealed tbemEelves ae loops and ainuoaitiee. Some of the 
lineg observed by Dr. Tonne ^re pven in Fig. 51. Every 
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fine of the«e ligiirea corresponds to a distinct impression 
made by the wire upon the surrounding air. The form of 
the sonorous wave is affected by these superposed vibra- 
tions, and thus they infiuencc the cUmg-tint or qnnlily of 
the soutk). 
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Tub amount of motion commtmicated by a vibrating 
Btring to the air is too small to be perceived &s Bound, 
even at a small distance from the string. 

When a broad eurface vibrates in air, coiideneatioiu 
and rarefactions are more readily formed tlian when the 
vibrating body is of small dimensions like a string. 
Hence, when strings are employed as sources of musical 
Boonds, they are associated with surfaces of larger area 
which take up their vibrations, and traurfer them to the 
Burrounding air. 

Thus the tone of a harp, a piano, a guitar, or a violin, 
depends mainly upon the sound-board of the inetrament. 

Tlie following four laws regulate the vibrations of 
strings : The rate of vibrations is inversely proportional to 
the length; it is inversely proportional to the diameter; it 
is directly proportional to the square root of the stretching 
weight or tension ; and it is inversely proportional to tlie 
square root of the density of the string. 

When strings of different diametere and densities are 
compared, the law is, that the rate of vibration is in- 
versely proportional to the square root of the weight of 
the rtring. 

When a stretched rope, or an India-rubber tube filled 
with sand, with one of its ends attached to a fixed object, 
receives a jerk at the other end, tlie protnberance raised 
opon the tube runs along it as a pnlee to the fixed end, 
and, being there reflected, returns to the hand by which 
the jerk was imparted. 
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The time required for the palse to travel from the 
Land to the fixed end of the tube and back ie that re- 
quired by the whole tube to execnte a complete vibration. 

When a aeries o£ pulsea are sent in Buccession along 
the tnbe, the direct and reflected pulBes meet, and by their 
coalescence divide the tube into a series of vibrating parta, 
called ventral segments, which are separated from each ' 
other hy pointe of apparent rest called nodes. 

The number of ventral segments is direct'y propor- 
tional to the rate of vibration at the free end oi the tube. 

The hand which produces these vibrations may move 
through leas than an inch of space ; while by the accumu- 
lation of its impulses the arnplitudu of the ventral seg- 
ments may amount to several inches, or even to several 
feet. 

If an India-rubber tube, fixed at both ends, be encir- 
cled at its centre by the finger and thumb, when either of 
its halves is pulled aside and liberated, both halves are 
thrown into a state of vibration. 

If the tube be encircled at a point one-third, one- 
fourth, or one-fifth of its length from one of its ends, on 
pulling the shorter segment aside and liberating it, the 
longer segment divides itself into two, three, or four vibrat- 
ing parte, separated from etich other by nodes. 

The number of vibrating segments depends upon the 
rate of vibration at the point encircled by the finger and 
thumb. 

Here also the amplitude of vibration at the place en- 
circled by the finger and thumb may not be more than a 
fraction of an inch, while the amplitude of the ventral 
segments may amount to several inches. 

A musical string damped by a feather at a point one- 
half, one-third, one-fourth, one-fifth, etc., of ita length 
from one of its ends, and having its shorter segment agi- 
tated, divides itself exactly like the India-mbber tnba 
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Its division may be rendered apparent by placing little 
]>n\>cr riders across it. Those placed at the ventral seg- 
iiienta are thrown off, while those placed at the nodes 
j-etain their places. 

The notes corresponding to the division of a string 
into its aliquot parts are called the harmonics of the 
-string. 

When a string vibrates aa a whole, it usually divides at 
the same time into its aliquot parts. Smaller vibrations 
are superposed opon the larger, the tones corresponding to 
those smaller vibrations, and which we have agreed to call 
overtones, mingling at the same time with the ftinda- 
mental tone of the string. 

The addition of these overtones to the fundamental 
tone determines the timbre or quality of the aound, or, as 
we have agreed to call it, the clanff-tint. 

It is the addition of such overtones to fundamental 
tones of the same pitch which enables ns to distinguish 
the sound of a clarionet from that of a flute, and the 
sound of a violin from both. Could the pure fnadamental 
tones of these instrument* be detached, they would be 
undistingiiishable from each other; but the different ad- 
mixture of overtones in the different instruments renders 
their clang-tints diverse, and therefore distinguishalile. 

Instead of the heavy India-rnbber tube in the experi- 
ment above referred to, we may employ light silk strings, 
and, insteadof the vibrating hand, we may employ vibrat- 
ing tuning-forks, and cause the strings to swing as a whole, 
or to divide themselves into any number of ventral seg- 
ments. Effects of great beauty are thus obtained, and by 
experiments of this character all the laws of vibrating 
strings may be demonstrated. 

"When a stretched string is plucked aside or agitated 
by a bow, all the overtones which require the t 
t>oint for a node vanish frnm the clane of the string. 



J 



StTMMAfiy. 

The pomt stniefe by the hammer of the piano is from 
one-eeventh to one-niath of the length of the string from 
its end : bj striking this point, the notes which require it 
as a node cannot be prodaced, a murce of diesonance being 
thofi aroided. 




CHAPTER IV. 

Vibratjons of a Rod fiicd at Both Bada : Its Subdivisions snd Coireepojdmg 
OverloQc^— YilirBOuas of a Kod Bied it One End.— The Kaleidophone.— 
The Iron Fiddle and MuaicBlBai.— Vibration* of  Rod free at Balh Ends.— 
Tbe C1aque-boi<anclG1aiu Harmonica. — Vibrations of a Tuning-Fork: iU 
SubdiTJiion and Overlonea.- Vibrations of Square Pialea.— Obladni'a Dia- 
ooveries.- WbeaWCone'a Analjsig of tlie Vibratiooa of Plates.— Cbladoi't 
Figures. — Vibratjons of Disks and Bella.— EipcrimentB of Faraday and 
Streblke. 

§ 1. Tranaverae Vibrations of a Rodfaied at Both Ends. 
OuK last chapter was devoted to the tranaverae vibrationa 
of strings, Thia one I propose devoting to the trans- 
verae vibrations of rods, plates, and bells, commencing 
with the ease of a rod fixed at both ends. Its niodea of 
vibration are exactly those of a string. It vibrates as a 
whole, and can also divide itself into two, three, four, or 
more vibi-ating parts. But, for a reason to be immedlatelj 
assigned, the laws which regulate the pitch of the Buccea- 
aive notea are entirely different in the two cases. Thus, 
when a string divides into two eqnal parts, each of its 
halves vibrates with twice the rapidity of the whole ; 
while, in the case of the rod, each of its halves vibrates 
with nearly three times the rapidity of the whole. With 
greater strictness, the ratio of lie two rates of vibration is 
as 9 is to 25, or as the square of 3 to the square of 5, In 
Fig. 53, o ffl', <f,h }', d d'y are sketched the first four 
modes of vibration of a rod fixed at both ends : the succes- 
sive rates of vibi'ation in the four cases bear to each other 
the following relation : 
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the last row of figarea being the squares of the odd duui- 
bere 3, 5, 7, 9. 

In the case of a string, the vihratiooB are raaintaiued 
by a tension exteniaUy applied ; in the case of a rod, the 
vibrations are maintained by the elasticity of the rod 
itself. The modes of diviBion are in both cases the same, 



°NS 



H"Ns3 






bat the forces bronght into play are different, and hence 
also the snccessiTO rates of vibration. 

§ 2. TraiiaverBd VHratuma of a Rod fixed at One End. 
Let lis now pass on to the ease of a rod fixed at one end 
and free at the other. Here also it is the elasticity of the 
material, and not any external tension, that sustains the 
vibrations. Approaching, as usual, sonorous vibrations 
through more grossly mechanical ones, I fix this long rod 
of iron, n o, Fig. 53, in a vice, draw it aside, and liberate 
it. To make its vibrations more evident, its shadow is 
thrown upon a screen. The rod oscillates as a wnole to 
and fro, between the points p p'. But it is capable of 
other modes of vibration. Damping it at the point a, by 
holding it gentlj there between the finger and thumb, 
and striking it sharply between a and o, the rod divides 
into two vibrating parts, separated by a node as shown in 
Fig. 5i. You see upon the screen a shadowy spindle be- 
tween a and the vice below, and a shadowy fan above a, 
with a black node between both. The division may be 
effected without damping a, by merely imparting a suffi- 
ciently fihai-p shock to the rod between a and o. In thiB 
case, however, besides oscillating in parts, tlie rod oscil 
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latea as a whole, the partial oscillaLioDH being saperposod 
upon tlie large one. 

You notice, moreover, that the amplitude of the par- 
tial oscillations depends upon tlie promptness of the stroke. 
When the stroke is sluggish, the partial division is but 
feebly pronounced, the whole oscillation being luosi 
TDarked. But when the shock is sharp and prompt, tlie 
whole oscillation is feeble, and the partial oscillations are 




executed with vigor. If the vibrations of this rod v-era 
tapid enough to produce a musical sound, the osciUatiuo 
of the rod as a whole would correspond to its f undarueutal 
tone, while the division of the rod into two vibrating parts 
would eon-espond to t!ie tirsl of its overtones. If, more- 
over, the rod vibrated aa a whole and as a diiHded rod at 
the same time, the fundamental tone and the ovei-tone 
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CHLADNI'S TONOMETER. 

vould be beard simullaneously. By damping the proper 
point and imparting tlie proper shock, we can still further 
subdivide the rod, as shown in Fig. 56. 

§ 3. ChLadn^s Tonometer: the Iron I^tddle, Musical Jiox, 
a/nd Via Kaleidophone. 

And now let na shorten our rod, so as to bring ita vibi*- 
tioQ8 into pcoper relation to our ears. When it is about 
four inches long, it emits a low musical sound. When 
further shortened, the tone is higher ; and, by continuing 
to fihorten the rod, the speed of v-ibration is augmented, 
until finally the sound beuornee painfully acute. These 
musical vibrations differ only in rapidity from the greaser 
oscillations which a moment ago appealed to the eye. 

The increase in the rate of vibrations here observed is 
ruled by a definite law; the number of vibrations exe- 
cuted at a given time is inversely proportional to the 
square of the length of the vibrating rod. Yon hear the 
sound of this strip of brass, two inches long, as the fiddlo- 
Dow is passed over its end. Making the length of the 
strip one inch, the sound is the double octave of the last 
one ; the rate of vibration is augmented four times. Thus, 
by doubling the length of the vibmting strip, we reduce 
its rate of vibration to one-fourth; by trebling the length,- 
we reduce the rate of vibration to one-ninth ; by qiiad- 
rnpling the length, we reduce the vibrations to one- 
sixteenth, and so on. It is plain that, by proceeding in 
this way, we should finally reach a length where ihevibra- 
tione would be sufficiently alow to be counted. Or, it is 
plain that, beginning with a long strip whose vibrations 
conld be counted, we might, by shortening, not only make 
the atrip sound, but also determine the rates of vibi-ation 
corresponding to its different tones. Supposing we start 
with a strip 3(5 inches long, which vibrates once in n 
second, the atrip reduced to 12 inches wonld. according \a 
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the above law, execute 9 vibrationfl i eecoiid : reduced to 
6 inches, it would execute 36, to 3 inches, li4; while, if 
reduced to 1 inch in length, it would execute 1,290 vibra- 
tiona in a second. It is eaay to fiJl the spaces between the 
lengths here given, and thus to determine the rate of Tibr&< 
tion corieBponding to any particular tone. This method 
was proposed and carried out by Chladni. 

A musical instrument may be formed of abort rods 
Into this common wooden tray a number of pieces of 
stout iron wire of different lengths are fixed, being ranged 
in a semicircle, Wlien the Uddle-bow is passed over the 
series, we obtain a succession of very pleasing notes. A 
competent performer could certainly extract very tolerable 
music from a sufficient number of these iron pins. The 
iron fiddle {vidon da Jej-) is thus formed. The notes of 
the ordinary musical box are also produced by the vibra- 
tions of tongues of metal fixed at one end. Pins are fixed 
in a revolving cylinder, the free ends of the tongues are 
lifted by these pins and then suddenly let go. The 
tongues vibrate, their length and strength being so ar- 
ranged as to produce in each particular case the proper 
rapidity of vibration. 

Sir Charles Wheatstone has devised a simple and ingen- 
ious optical method for the study of vibrating rods fixed 
at one end. Attaching light glass beads, silvered within, 
to the end of a metal rod, and allowing the light of a lamp 
or candle to fall upon the head, he obtained a small spot 
intensely illuminated. When the rod vibrated, tliis spot 
described a brilliant line which showed the character of 
the vibration. A knitting-needle, fixed in a vice with a 
small bead stuck on to it by marine glue, answers perfectly 
as an illustration. In Wheatstoue's more complete instru- 
ment, which he calls a kaleidophone, the vihrating rods are 
firmly screwed into a massive stand. Extremely beautiful 
fij^ires are obtained by this simple contrivance, some of 
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irbich may now be projected on a. magnified scale upon 
the BcreeQ before jou. 

Fixing the rod horizontally in the vice, a condensed 
beam is permitted to fall upon the silvered bead, a spot oi 
Bonlike brilliancy being thus obtained. Placing a lens in 
front of the bead, a bright image of the epot is thrown 
upon the screen, the needle is then drawn aside, and 
suddenly liberated. The spot describes a ribbon of light, 
at lirst straight, but speedily opening out into an ellipse, 
passing into a circle, and tJien ngain through a second 
ellipse back to a straight line. This is due to the fact that 
B rod held thus in a vice vibrates not only in the direction 
in which it is drawn aside, but also at right angles to this 
direction. The curve is due to the combination of two 
rectangular vihrationa." While the rod is thus swinging a 
a whole, it may also divide itself into vibrating parte. B 
properly drawing a violin-bow across the needle, this ser- 
rated circle, Fig. 56, is obtained, a number of small undo- 
lations being superposed upon the large 
one. Tou moreover hear a nmsical tone, 
which you did not hear when the rod 
vibrated as a whole only; its oscilla- 
tions, in fact, were then too slow to 
excite such a tone. The vibrnlioiis 
which produce these sinuosities, ami 
which correspond to the first division 
of the rod, are executed with about (>^ times the rapid 
'ty of the vibrations of the rod swinging as a whole. 
Again I draw the bow ; the note rises in pitch, the ser- 
rations run more closely together, forming on the screen 
a luminous ripple more minute and, if possible, more < 

' Ohlidni also otiBerred this compounilmg of Tibrstioni, and elccnted 

k lertea of experitnents, which, in tlieir derelopca form, are thora of the 

kftlcidopboiie. The oompQailinli of *ibt»tiant will be «Udled M Kine lengtl 

in A aiitiieqiiirDl lecture 
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beautiful than the last one, Fig. 57. Here we Lave the 
second division of the rod, the sinuosities of which eorre- 
Fis. 61. spond to 17|f times its rate of vibra- 

tion as a whole. Thus every change iu 
the sound of the rod is aucompauied 
hy a change of the figure upon the 




The rate of vibration of tlie rod ae a 
whole is to the rate corresjxniding to 
its tirst division nearly as the square 
of 2 is Hi the square of 5, or as 4 : 35. From the first 
division onward the rates of vibration are approximately 
proportional to the squares of the series of odd numbers 
!, 5, 7, 9, 11, etc. Supposing the vibrations of the rod as 
a whole to number 30, then the vibrations corresponding 
to this and to its successive divisions would be exj 
approximately by the following series of numbers: 

36, 225, 635, 1225, 20-2o, etc. 

In Fig. 58, o, J, e, d, «, are shown the modes of division 





corresponding to this series of numbers. Tou will not 
fail to observe tliat these overtones of a vibrating rod rise 
far more rapidly in pitch than the harmonics of a string. 
Other forms of vibration may be obtained bv smartly 
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Btiiking tbe rod with the finger near its fixed end. In fact, 
an almost infinite variety of luminous scrolls can be tliua 
produced, the beauty of wliieh may be inferred from the 
subjoined tiguros tirst obtained by Sir C. Whcatetone. They 
may be produced by illuminating the bead with snuliyhl, 
or with the light of a lamp or ciindli;. The scrolls, mm© 




over, may be double'l by employing two candles instead 
of one. Two spots of light tlien appear, each ol which 
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describes ite own Inmiooas line when the knitting-needle 
is set in vibration. In b fiubsec|uent lecture we sball be- 
come acqnainted with Wheatstone's application of bis 
method to the study of rectangular vibrations. 

§ 4. Transverse Vihratiorta of a Rod free at Jioih Evde. 
The Clctque-boiaand Glass Marmonica. 
From a rod or bar tixcd at one end, we will now pace 
to rods or bai-s free at both ends ; for such an arrangement 
has also been employed in music. By a method afterward 
to be described, Chladni, the father of modem acoustics, 
determined experimentally the modes of vibration pos- 
sible to such bars. The simplest mode of division in this 
case occurs when the rod is divided by two nodes into 
three vibrathig parts. This division is easily illustrated 
by a flexible box ruler, six feet long. Holding it at about 
twelve inches from its two ends between the forefinger 
and thumb of each hand, and shaking it, or causing its 
centre to he Btrnck, it vibrates, the middle segment form- 
ing a siiadowy spindle, and the two ends forming fans. 
The shadow of the ruler on the screen renders the mode 
of vibration very evident. In this case the distance of 
each node from the end of the ruler is about one-fourtli 
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of the distance between the two nodes. In its second 
mode of vibration the rod or mler is divided into four 
vibi-ating parts by three nodes. In Fig, 60, 1 and 2, 
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tliese respective modes of diviEioa are shown. Looking 
at the edge of the ruler 1, the dotted lines cutting a a\ 
b h', show the maimer in which the segments bend np aai] 
down when the iirat division occurs, while c c*, rf d', show 
the mode of vibration corresponding to the secomJ division. 
The deepest tone of a rod free at both ends is higher (hao 
the deepest tone of a rod fixed at one end in the propor^ 
tion of 4 : 35. Beginning witli the tirst two nodes, the rates 
of vibration of the free bar rise in the following pmpor- 
tion: 

Munber of nodes . . 2, 3, 4, 5, e, T. 

yumben to the sqiurcs ofirbiuli tlie 
pitch U Approximalcl)' proportional 

Here, also, we have a siinilarlj rapid rise of j'itch to tli»t 
noticed in the last two cases. 

For mnaical pnrposes tlie first division only of a free 
rod has been einplojed. When bars of wood of diffei-ent 
lengths, widths, and depths, are strung along a cord which 
passes through the nodes, we have the daqu&hoia of the 
French, an inatninient now before you, a b, Fig. 61. Sup 
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porting tlie cord at one ezid tiy a hook k and holding !t at 
the other in the left hand, I run the hammer A alouf; the 
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aeries of bare, and produce an agreeable succession of niuai- 
eal tones. Instead of using the cord, the bai's ina^ test at 
their nodes on cylinders of twisted straw ; hence tlie name 
" straw -fiddle," soraetinies applied to this iustruinent. 
Cliladni informs us that it is introduced as a plaj of bella 
(GloL'kenspiel) into Mozart's opera of " Die Zauberflote." 
If, instead of bjira of wood, we employ stripa of glass, 
we have the glass harmonica. 

§ S. VibrcOioTis of a Tuning-fork. 
From the vibrations of a bar free at both ends, it is 
easy to pass to the vibnitions of a tuning-fork, aa analyzed 
bj Chladni, Supposing a a, Fig. 63, to represent a straight 
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iteel bar, -ivith the nodal points corresponding to its first 
mode of division marked by the transverse dots. Let the 
Oar be bent to the fonn i b ; tbe two nodal points still re- 
main, but they have approached nearer to each other. The 
tone of the bent bar is also somewhat lower than that of 
Hie straight one. Passing through various sttges of l)end- 
ng, c, d d, we at length convert the bar into a tnning- 
'ork e e, with parallel prongs ; it still retains its two nodal 
points, which, however, are much closer together than 
when the bar was straight. 

When such a fork sounds its deepest note, its free ends 
wciUnte as in Fig fi.'l, where the prongs vibrate between 
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the limits h and n, uid / and m, nnd where j? and q are 
tlie nodes. There is no division of a taoing-fork corra- 
eponding to the diTieioa of a straight bar by three nodes. 
In its second mode of diTision, which corresponds to the 
first overtone of the fork, we have a node on each prong, 
and two at the bottom. The principle of Tonng, referred 
to at p. 145, extends also to tuning-forks. To free tlie 
fundamental tone from an overtone, you draw yoor bow 
across the fork at the place where the node is required to 
form the latter. In the third mode of division tliere are 
two nodes on each prong and one at the bottom. In tlie 
fonrtfa division there are two nodes on each prong and 
two at the bottom ; while in the fifth division there are 
three nodes on each prong and one at the bottom. The 
first overtone of the fork reqnires, according to Chladni, 6i 
times the numiier of vibrations of the fundamental tone. 

It is easy to elicit the overtones of tuning-forks. Here, 
for example, is our old series, vibrating respectively 256, 
820, 384, and 51S times in a second. In passing from 
the fundamental tone to the first overtone of each, yon 
notice that the interval is vastly greater than that between 
the fundamental tone and the firet overtone of a stretched 
string. From the uimibers just mentioned we pass at 
once to 1,600, 2,(XiO, 2,400, and 3,200 vibrations a second. 
Chladni's numbers, however, though approximately correct, 
are not always rigidly verified by experiment. A pair of 
forks, for example, may have their fundamental tf-nes in 
perfect unison and their overtones discordant. Two such 
forka are now before yon. When the fundamental tones 
of both are sounded, the unison is perfect ; but when the 
first overtones of both are soundtd, they are not in unison. 
Ton hear rapid " beats," which grate upon the ear. By 
Iftading one of the forks with wax, the two overtones may 
be brought into unison ; but now the fundamental tones 
produce loud beats wlun sounded together. This could 
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not occur if the first overtone of eacb fork was produced 
by a number of vibrations exactly 6i times the rate of its 
fundamental. In a series of forks examined by Ilelmholtz, 
the "lumber of vibrations of the first overtone varied from 
6'6 to 6'6 times tLat of the fundamental. 

Starting from the first overtone, and including it, the 
rates of vibration of the whole series of overtones are as 
the wjuarea of the numbers 3, 5, 7, 9, etc. That is to say, 
in the time required by the first overtone to execute 9 
vibrations, the second executes 25, the third 49, the fourth 
81, and so on. Thus the overtones of the fork rise with 
far greater rapidi'ly than those of a string. They also 
vanish more speedily, and hence adulterate to a less extent 
the fundamental tone by their admixture. 

§6. aOadnts Figures. 

The device of Chladni for rendering these sonorous 
vibrations visible has been of immense importance to the 
science of acoustics. Liclitenberg had made the experi- 
ment of scattering an electrified powder over an electrified 
reain-cake, the airangemeiit of the powder revealing the 
electric condition of the surface. This experiment sug- 
gested to Chladni the idea of rendering sonorous vibi'ations 
risible by means of sand strewed upon the surface of the 
vibrating body. Chladni's own account of his discovery is 
of autEcient interest to justify its introduction here : 

" As au admirer of music, the elements of which 1 hfid 
begun to learn rather late, that is, in my nineteenth year, 
I noticed that the science of acoustics was more neglected 
than most other portions of physics. This excited in me 
the desire to make good the defect, and by new discovery 
to render some service to this part of science. In 1785 I 
bad observed that a plate of glass or metal gave diSercnt 
sounds when it was struck at different plates, but I could 
nowhere find any information rcgnrding the corresponding 
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modes of vibration, At lliis time there appeared in the 
jVjurnals some notices of an instrument made in Italy by 
the Abb^ Mazzochi, consisting of bells, to wLicli one or 
two violiu-bows were applied. This suggested to me the 
idea of employing a violin-bow to examine the vibrutiona 
of different sonorous bodies. When 1 apphed the bow to 
a round plate of glass fixed at its middle it gave different 
Bounds, which, compared with each other, were (as regards 
the number of their vibrations) equal to the squares of 2, 
3, 4, 5, etc. ; but the nature of the motions to which these 
sounds corresponded, and the means of producing each of 
them at will, were yet unknown to me. The experiment* 
on the electric figures formed on a plate of resin, dis- 
covered and published hy Lichtenberg, in the memoirs of 
tlie Boyal Society of Gottingen, made roe presume tliat 
tlie different vibratory motions of a sonorous plate might 
also present different appearances, if a little sand or some 
other similar substance were spread over the surface. On 
employing tliis means, tlie first figure tliat presented itsell 
to my eyes upon the circular plate already mentioned 
resembled a star with ten or twelve rays, and the very 
scute sound, in the scries allnded to, was that which 
agreed with the square of the number of diametrical lines." 

§ i. Vibrations of Square Plates : Nodal Lin^a. 
I will now illustrate the experiments of Chladni, com- 
mencing with a square plate of glass held by a suitable 
damp at its centre. The plate might be held with the 
Bnger and thumb, if they could only reach far enough. 
Scattering fine sand over the plate, the middle point of 
one of its edges is damped by touching it with the finger- 
nail, and a bow is drawn across tlie edge of the plate, near 
one of its eorners. The sand is tossed a«ay from certain 
parts of the surtace, and collects along two nodal linet 
which divide the large square into four smaller ones, as in 
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Fig. 64. This division of the plate corresponds to its 
deepest tone, 

The signs -j- and — employed in these figures denote 




that the two sqnarea on which they occur are always mov- 
ing in opposite directions. Wlien the squares markecl -|- 
are above the average level of the plate those marked — 
are helow it ; and when those marked — are above the 
average level those marked + are below it. The nodal 
lines mark the boundaries of these opposing motions. 
They are tlie plat'es of transition from the one motion to 
the other, and are therefore unaifected by either. 

Scattering sand once more over its surface, I damp one 
of the comers of the plate, and excite it by drawing the 
bow across the middle of one of its sides. The sand 
dances over the surface, and finally ranges itself in two 
sharply-defined ridges along its diagonals. Fig. C5. The 
note here produced is a fifth above the last. Again damp- 
ing two other points, and drawing the bow across the 
centre of the opposite side of the plate, we obtain a fm 
shriller note than in either of the former cases, and the 
manner in which the plate vibrates to produce this note is 
represented in Fig. C6. 

Thus far plates of glass have been employed held by a 
clamp at the centre. Plates of metal are atill more suitable 
for eiich experiments. Here is a plate of brass, 12 incheH 
aquare.Jind supported on a suitable stand. Damping it 




VIBRATIONS OP SQDAEE PLATES. 

with tbe finger and thiiinlj of my left liand at two points 
of its edge, and drawing the bow with my right acroad a 
vibrating portion of the opposite edge, the complicated 
[wttem represented in Fig. C7 is obtained. 

FM. BT. 




Tbe beautiful series of patterns shown on page 173 
wure obtained by Ciiladni, by damping and lixciting square 
plates in different ways. It is not only interesting but 
startling to see the suddenness with which these sharply- 
defined figures are formed by the sweep of the bow of a 
skillful experimenter. 

§ 8. WheaistOTi^s Anali/sis of the Vihrationi of 

Square Plates. 
And now let us look a little more closely into the 
mechanism of these vibrations. The manner in which & 
bar free at both ends divides itself when it vibrates trani- 
versely has been already e.\plained. Iteetangular pieces 
of glass or of sheet metal — the glass strips of the har- 
monica, for example — also obey the laws of free rods and 
bars. In I-'ig. (59 is drawn a rectangle a, with the nodes 
corresponding to its firet division marked upon it, and 
andernenlh it is placed a figure showing tlie manner in 
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which the rectangle, looked at edgewaja, Iwnds up and 
down vheQ it is set in vibration.' For the sake of plain- 

B the bending is greatlj ezagger- rio. •. 

ftted. The figures b and c indicate 
that the vibrating parts of the jilate 

alternately' rise above and fall below ^ - " _ 

} average level of the plate. At -'^ "~~ m 

one moment, for example, the centre c — ^r ^  ■•^^ I 

of the plate is above the level and "^ 

its ends below it, as at i; while at the next motnent its 
centre is below and its two ends above the average level, 
aa at o. The vibrations of the plate consist in the quick 
Bocceeeive assumption of these two positions. Similai 
remarks apply to all other modes of division. 

Now suppose the rectangle gradnallj to widen, till it 
becomes a square. There then would be no reason whj 
the nodal lines should form paralloi to one pair of sides 
rather than to the other. Let us now examine what would 
be the effect of the coalescence of two sncb systems of vi- 
brations. 

To keep your conceptions clear, take two squares of 
glass and draw upon each of them the nodal lines belong 
ing to a rectangle. Draw the lines on one plate in white, 
and on the other in black ; this will help you to keep the 
plates distinct in your mind as you look at them. Now 
lay one square upon the other so that their nodal lines 
shall coincide, and then realize with perfect mental clear- 
ness both plates in a state of vibration. Let as assume, 
in the first instance, that the vibrations of tho. two plates 
are concurrent ; that the middle segment and the end seg- 
ments of each rise and fall together ; and now suppose the 
1 Sir C. WhesUlone's memoir ; the nodi.'*, 
i the free tenniiigil portions of 






e bent upwird or downward. The 



n the cdifu uf the 
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I also i 



f comer of the plate itself, for here the 
added vibratioDs are alw equal and opposite. We have 
thus fixed four points of rest on e&ch diagonal of the 
square. Draw the diagonals, and thej will represent the 
Dodal lines conseqiient on the superposition of the two vi- 
brations. 

These two systems actually coexist in the 6ame plat« 
when the centre is clamped and one of tlie corners touched, 
while the fiddle-bow is drawn across the middle of one of 
the sides. In this case the sand which marks the lines of 
rest arranges itself along the diagonals. Tliis, in its elm- 
pleat possible form, is Sir C. Wheatatone's analysis of these 
superposed vibrations. 

§ 9. Viirattona of Cir&ular PlaUs. 
Pasdng from square plates to round ones, we also 
obtain various beauliful effects. This disk of brass is sup- 
ported horizontally upon an upright stand : it is black- 
ened, and fine white sand is scattered lightly over it. The 
disk is capable of dividing itself in various ways, and of 
emitting notes of various pitch. I sound the lowest funda- 
mental note of the disk by touching its edge at a certain 
point, and drawing the bow across the edge at a point 
45 degrees distant from the dumped one. You hear the 
note and you see the sand. It quits the four quadrants 
of the disk, and ranges itself along two of the diameters, 
fig. 72. A (next page). When a disk divides itself thue 
into foor vibrating s^utents, it sounds its deepest note. I 
stop the vibration, clear the disk, and once more scatter 
sand over it. Damping its edge, and drawing the bow 
across it at a point 30 decrees distant from the damped 
one, the sand immediately arranges itself in a star. We 
hav« here six Tibradng s^mente, separated from each 
other by their appropriate nodal lines, Fig. 72, B. Ag^n 
I damp a point, and agitate another nearer to the damped 
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ono thau 10 tlie last instance ; the disk divides itself into 
eight vibrating segments with lines of sand between tliem, 
Fig. 72, 0. In this way tlie disk may be subdivided into 
ten, twelve, fourteen, sixteen sectoi-s, the numbei- of sectora 
being always an even one. Aj the division becomes more 




minnte the vibrations become more rapid, and the piti-h 
coiiseqnently more high. The note emitted by the sixteen 
segments into wliich the disk is now divided is so scute as 
to be almost painful to the ear. Here you have Chladni'a 
first discovery. Ton can understand his emotion on wit- 
nessing this wonderful effect, " which no mortal bad pre- 
Tionsly seen." By rendering the centre of the disk free, 
and damping appropriate points of the sm'face, nodsl cii^ 
oles and other curved lines may Ije obtained. 

The rate of vibration of a disk is directly proportional 
to its thickness, and inversely proportional to the square 
of its diameter. Of these three disks two have the same 
diameter, but one is twice as thick as the other ; two of 
them are of tlie same thickness, but one has half the 
diameter of the other. According to the law just enun- 
ciated, the rules of vibi'atton of tho disks are as tlio num- 
bers 1, 2, 4. When they are sounded in Bucceasion. the 
musical ears preseiit can testify that they really stand to 
eacli other in the relation of a note, its octave, and its 
donlile octave. 



I 




§ 10. Streidke and Famday'a E£periments: DepoTtm 
of Light Powders. 
The Rctual movement of the sand towai-d the nodnl 
lines may be studied by clogging the sand witb a semi-fluid 
substance. "When gum is employed to retard the motion 
of the particles, the curves which they individoally de- 
scribe are very clearly drawn upon tlie plates. M. Strehike 
has sketched these appearances, and from him the patterna 
A, B, o, Fig. 73, are boirowed. 




An effect of vibrating plates which long perplexed 
experimenters is here to t>e noticed. When with the sand 
strewed over a plate a little fine dust is mingled, say the 
fine seed of lycopodium, this light substance, instead of 
collecting along the nodal lines, forma little heaps at the 
places of most violent motion. It is heaped at tlio four 
comere of the plate, Fig. 74, at tlie fonr sides of the plate. 




Fig. 75, and lodged between the nodal lines of the plate^ 
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Fig. 76. These iLree figures represent Uie tliree etates of 
vibration fllnfitrated in Figs. 64, 65, and 66. Tbe dust 
chooses in all cases the place of greatest agitation. Vari- 
ouB explanatione of this effect had l)een given, but it was 
reserved for Faraday to assign its extremely simple ernise. 
The light powder is entangled by the little whirlwinds of 
air produced by the vibrations of the plate: it cannot 
escape fi"om tlie little cyclones, though tlie heavier sand 
particles are readily driven through them. M'hen, tliere- 
fore, the motion ceases, tbe bght powder settles down at 
the places where the vibration was a inaximuin. In vacuo 
no such effect is observed: here all powders, light and 
heav}', move to the nodal lines. 

§ 11. Vibraiion of Bells: Means of rendering 
them visible. 
The vibrating segments and nodes of a bell are similar 
to those of a disk. When a bell sounds its deepest note, 
tlie coalescence of its pulses causes it to divide into four 
vibrating segments, separated from each olher by four 
nodal lines, which run up from the sound-bow to the 
crown of the bell. The place where the hammer strikes is 
always the middle of a vibrating segment; the point dia- 
metrically opposite is aleo the middle of such a segment. 
Ninety degrees from these points, we have also vibrating 
segments, while at 45 degrees right and left of them we 
come upon the nodal lines. Supposing the strong, dark 
cii-cle in Fig. 17 (next page) to represent the circumference 
of tbe bell in a state of quiescence, then when the ham- 
mer falls on any one of the segments a, c, b, or d, the sound- 
bow passes periodically through the changes indicated by 
the dotted lines. At one moment it is an oval, with a 6 
for its longest diameter; at the next moment it is an oval, 
with c d for its longest diameter. The changes from one 
oval to the other constitute, in fact, the vibnitioiis of 
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ihe bell. The four points n, n, n, n, where the two ovali 
intersect eacli other, are the nodes. Ab in the case of 

a dielt, the number of vibra- 
tions executed by a bell in a 
given t'.iue varies directly as 
llie thickneBS, and inversely as 
llie square of the bell's diafti- 
eter. 

Like u disk, also, a bell can 
divide iti^clf into any even num- 
ber of vibrating Begments, but 
not into h.u odd number. By 
damping proper points in suc- 
cession the bell can be caused to divide into 6, 8, 10, and 12 
vibrating parts. Beginning with the fundamental note, the 
number of vibrations corresponding to the respective divia- 
vns of a bell, as of a disk, is as follows : 

Number or diiisloDS 4, 6, 8, 10, IS. 

Numbers the BquareB of vhicli eiprpBS itie i 
nwa of Yibnliou . . . . J 2, 8, 4. 6, (I. 

Thus, if the vibrations of the fundamental tone be 40, tliat 
of the next higher tone will be 90, the next 160, the next 
250, the next 360, and so on. If the bell be thin, the 
tendency to sulxiiviBiou is so great, that it is almost impos- 
sible to bring out the pure fundamental lone without the 
admixture of the higher ones. 

I will now repeat before you a homely, but an instruc- 
tive e.tpcriment. This common jug, when a fiddle-bow ib 
drawn across its edge, divides into four vibrating segments 
e."cactly like a l>e!l. The jug is provided with a handle; 
and you are to notice the influence of this handle upon the 
tone. When the fiddle-bow is drawn across the edge at a 
point diametrically opposite to the handle, a certain note is 
beard. When it is drawn at a point 90° from the handle, 
the same note i8 heard. In lK>th these cnses the handle 





occupies the middle of a vibi-atiDg eegment, loading tiiat 
segment bj its weight But I now draw the bow at an an- 
gular distance of 45 from the handle; the note is eeosibly 
higher than before. The handle in this experiment occiipii-a 
a node; it no longer loads a vibrating e^iment, and lieiico 
llie elLetic force, having to cope with less weight, producuB 
A more rapid vibration. Chladni executed with a teAcu]> 
the experiment here made with a jug. Now belie often 
exhibit round their sound-bows an absence of uniform thick- 
ness, tantamoont to the want of sjtnmetr}' in the case of onr 
jug; and we shall learn subsequently tliat the intennittent 
sound of many bells, iioti<.tKi more particularly when their 
tones are dying out, is produced by the combination of two 
distinct ratvs of vibration, which have this absence of uni- 
foitnity for their ongin. 

There are no points of absolute r^t in a vibrating bell, 
for tlie nodes of tlie higher tones are not tliose of the fun- 
damental one. But it is easy to show that the various 
parts of the sound-bow, when the fundamental tone is pre- 
dominant, vibrate with verj- difl'erent degrees of intensity. 
Suspending a little ball of sealing-wax o, Fig. 7S {next 
page), by a string, and allowing it to rest gently against 
the interior surface of an inverted bell, it is tossed to and 
fro when tlie bell is thrown into vibration. But the rat- 
tling of the sealing-wax ball is far more violent when it 
rests against the vibrating segments than when it rests 
agunst the nodes. Permitting the ivory boh of a short 
pendulum to rest in succession against a vibrating segment 
and against a node of the " Gre.it Bell " of Westminster, I 
found that in the former position it was driven away five 
inches, in the latter only two inches and three-qiuirters, 
when the hammer fell upon the bcil. 

Could the "Great Bell" be turned upside down and 
filled \ritli water, on striking it the vibrations would 
express themselves in beantiful ripples upon the liquid 
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Biirface. Similar ripples may be obtained vitli smallei 
bells, or even with finger and claret glasses, but tliey would 
t>fl too minute for oar present purpose. Filling a lai^ 
liemispherical glass with water, and pasang tbe fiddle-bow 
ncrosft its edge, large crispationB immediately cover ita 
Biirface. When the bow is ^-igorouely drawn, the water 
rises in spray from the four vibrating Eegments. Pro- 
jecting, by iiieaiis of a lens, a uiagnified image uf tlie 




illaminated water-surface npon tlie screen, 1 pass the bow 
gently acroee the edge of tlie glasa, or mb the finger gently 
along the edge. You bear this low sound, and at the same 
time observe the ripples breaking, as it were, in visible 
music over the four sectors of the figure. 

You know the experiment of Leidenfrost which proves 
that, if water be poured into a red-hot silver biisin, it rolls 
about upon ita own vapor. The same effect is produced 
if we drop a volatile liquid, liico ether, on the surface of 
warm water. And, if a bell-^luss !« tilled with ether or 
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with ftlooliol, a sharp sweep of the bow over thu eilge of 
the ^Bas detaches the liquid spherules, which, when titey 
fall back, do not mix with the liqnid, bat are driven over 
the surface on wheels of vapor to the nodal lioes. The 
warming of the liquid, as might be expected, improves the 
effect K. Melde, to whom we are indebted for this beao- 
liful eiiperiment, has given the drawings. Figs. 79 and 80, 
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re[ resenting what occnre when tlie surface is divided into 
fonr and into ax vibrating parts. With a thin wine-glasa 
and strong bnmdy the effect may also be obtained.' 

The glass and the liquid within it vibrate here together, 
and everything that interferes with the perfect continuity 
of the entire muss disturbs the sonorous effect. A crack 
in the glass passing from the edge duwnward extinguishes 
its soonding power. A rupture in the continuity of the 
liqaid has the same effect. \Vlien a glass containing a 
solution of carbonate of soda is struck witli a bit of wood, 
yon hear a Hear musical sound. Dut when a little tar- 
taric acid is added to the liquid, it foams, and a dry, un- 

' Ooder the tbonlder of the Wetieriiom I fnnnd in 1867  pool of clor 
mtw into which  driblet fell from  brow of orerhuigiiig limcsUtie roi^k. 
Hio rebonnding iratpr-dropa, when ihcT fell bad:, rolled in mpUils oict th> 
■n&oe. Altnosi inr fonntaio, ibe sjmy of which Ula into > baiin, will n, 
hUAl the Hinc cir^vL. 



184 SOUND. 

musical collision bikes the place of tlie mnsical sound. Aa 
the foam disappears, the sonorous power retuj-na, and now 
that the liquid is once more cleai-, ^ou hear the musical 
ring as before. 

'Die ripples of the tide leave their impressions upon 
the sand over which they pass. 
The ripples produced bj so- 
norous vibrations have been 
proved bj Faraday competent 
to do the same. Attaching a 
plate of glass to a long flexible 
board, and pouring a thin layer 
of water over the surface of 
the gloss, on causing the board 
to vibrate, its tremors chase the 
water into a beautiful mosaic 
stratum of sand strewed upon the plate 
the water, and car'ved into patterns, of 
:ed epecitnea. 




SUMMABY OF CHAPTER IV. 



 
I 



A BOD fixed at both ends and canned to ribrate tm*- ] 
n.-rse]y dJTidee iteelf in the same maimer as a string vibrat- J 
oig tnatsrersely. 

Bat the 6ncce8£)on of ile overtones Is not the ^me  
tbofie of a string, for while the series of tones emitted hj 
the string is expressed hj the natural nnnibere, 1,2,3,4, 5, 
etc^ the series of tones emitted hj the rud is expressed bj 
the squares of the odd nnmbera, 3, 5, 7, 9, etc 

A rod fixed at one end can also vibrate a* n whole, or 
can divide it^lf into vibrating s^ments separated from 
each other by nodes. 

In this case the rate of vibration of the fundamental 
tone is to that of the first overtone as 4 : 35, or as the 
square of 2 to the sqnare of 5. From the first division on- 
ward the rates of vibration are proportional to the squares 
of the odd numbers, 3, 5, 7, 9, etc 

With rods of different lengths the rate of vibration ia 
inversely pro[<ortional to the 8*]narc of the length of the 
rod. 

Attaching a glass bead silvered within to the free end 
of the rod, and illuminating the bead, the spot of light re< 
fleeted from it describee curves of various forms when the 
rod vibrates. The kaleidophone of "Wheatstone is thus 
conetmctcd. 

, The iron fidcile and the musical box are instmrnents 
whose tones are produced by rods, or tongues, fixed at one 
end and free at the other. 

A no] free .it both ends can niso be reiidtied a source 



186 somro 

of sonorous vibrations. In iu simplest mode of dinnoD 
it has two nodes, Uie snbsequent overtones correspond to 
divifiions b; 3, 4, 5, etc-, nodes. Beginning with its first 
tnode of division, the tones of such a rod are represented 
bj the squares of the odd numbers 3, 5, 7, 9, etc 

Tbe claque-bois, straw-tiddle, and glass hiirrnoniea are 
instruments whose tones are tliose of rods or bars free at 
both ends, and supported at their nodes. 

When a straight bar, free at both ends, is gradually 
bent at its centre, the two nodes corresponding to its fun- 
damental tone gradually approach each other. It finally 
assumes the shape of a tuning-fork which, when it sounds 
its fundamental note, is divided by two nodes near the base 
of its two prongs into three vibrating parts. 

There is no division of a tuning-fork by three nodes. 

In its second mode of division, which corresponds to 
the first overtone of the fork, there is a node on each prong 
and two others at the bottom of the fork. 

The fundamental tone of the fork is to its first overtone 
approximately as the s((uare of 2 is to the squai-e of 5. 
The vibrations of the first overtone are, tlierefore, about flj 
times as rapid as those of the fundamental. From the first 
overtone onward the successive rates of vibration areas the 
squares of the odd numbers 3, 5, 7, 9, etc. 

We are indebted to Chladni for the experimental in- 
vestigation of all these points. He was enabled to con- 
duct his inquiries by means of the discovery that, whon 
sand is scattered over a vibrating surface, it is driven from 
the vibrating portions of the surface, and collects along the 
nodal lines, 

Cliladni embraced in hia investigations plates of varions 
forms. A square plate, for example, clamped at the 
centre, and caused to emit its fundamental tone, divides 
itself into foui smaller squares by lines parallel to itf 
Bidea. 





The same plate can divide itself into four trinngiiUr 
vibrating parts, the nodal lines coinciding with the diag- 
onals. The note produced in this case is a lifth above 
the fasdamentai note of the plate. 

The plate maj be further subdivided, sand-ligurea of 
extreme beauty being produced ; the notes rise in pitch as 
she subdivision of the plate becomes more minute. 

These figures may be deduced from the coalescence of 
different systems of vibration. 

When a circular plate clamped at its centre sounds its 
fundamental tone, it divides into four vibrating parts, 
separated by four radial nodal lines. 

The next note of the plate corresponds to a division 
into six vibrating sectore, the next note to a division into 
eight sectors; snch a plate can divide into any even 
□ umber of vibrating sectors, the eand-figures assuming 
beautiful stellar forms. 

The rates of vibration corresponding to the divisions 
of a disk are represented by the si^uares of the numbers 
2, 3, 4, 5, 6, etc. In other words, the rates of vibration 
are proportional to the squares of the numbers represent- 
ing the sectors into which the disk is divided. 

When a bell sounds its deepest note it is dirided intc 
four vibrating parts separated from each other by nodal 
lines, which run upward from the sound-bow and cross 
each other at the crown. 

It is capable of the same subdivisions as a disk; the 
succession of its tones being also the same. 

The rate of vibration of a disk or bell is directly pro 
portitinal to the thickness and inversely proportional tc 
she square of the diameter. 



CHAPTER V. 

liaapxadioai TibniioTia sf i Wire. — Betatite Tclocitiei of f^und ia 

■ml I roD.— Longitudinal Vibtations of Bods Gicd at One End. — Of Rods 
free at Both £d<I«. — Dirifioaa and Orertono of Kodi tibrating longitu- 
dinal);. — EiaminatiiRi of Vlbnling Ban bj Folaiized Light. — I>«ter- 
mination of TelodlT of Fmuid In Solida. — ttcsauance.~-Tibr*ticniB ol 
Stopped Pipe*: ihnr Driiiioiu and OTerunef. — Relation of the Tones 
of Stopped Pipe* to thou of Open Pipea. — Condition of Coliunn of Air 
vilbin a Sounding Or}pn-Pipe. — R«d9 and Beed-Pipes. — The Voict — 
Overtones of tlie Vocal Chorda. — The Voirel Ssoundi.— Enndl'a Kipeti- 
ments. — New Uettaodi of deiermimng the Telodtj of Sound. 

§ 1. Longitudinal Vibrations of Wires and Hods: Ctm- 
version of Longitudinal into Tranevtrse Vibrations. 
Wk have thus far occupied ourselves exclusively with 
traosversal vibrations ; that is to say, vibrations executed 
at right angles to the lengths of the strings, rods, plates, 
and bells subjected to examination. A string is also 
capable of vibrating in the direction of its length, but 
here the power which enables it to vibrate is not a ten- 
sioo applied externally, but the elastic force of its own 
molecules. Now this molecular elasticity is much greater 
than any that we can ordinarily develop by stretching the 
string, and the consequence is that the sonnds produced 
by the longitudinal vibrations of a string are, as a gen- 
eral rule, much more acute tlian those prodnced by ita 
transverse vibrations. These longitudinal vibrations may 
be excited by the oblique passage of a fidJIe-how ; but 
they are more easily produced by passing briskly along 
tlie string a bit of cloth or leatlier on which powdered 
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radn has been stre^rtx). Tlie re&in«d Sn^rs iinsn-er tlte 
saoie purpose. 

When tlie wire of our momx-liord U plucked aside, yon 
liear the sonnd produced by its traiisTer&Q vibrations. 
^NHien resJned Ie;itber is rubbed along the wire, s nolo 
luach more piercing than the last is hoard. This is duo 
to the lougitudinal vibrations of the wire. Behind the 
table is stretched a stout iron wire, 23 feet long. One end 
of it Is timily attached to an immovable wooden ti-ay, 
the other end is coiled round a pin fixed firmly into one 
of oar benches. With a key this pin can be turned, and 
the wire stretched so as to facilitate the passage of the 
rubber. Clasping the wire with the resined leather, and 
passing the hand to and fro aloug it, a rich, loud musical 
sound 13 beard. Halving ihe wire at its centre, and 
rubbing one of its halves, tlie note heard lb ihe oi-tave of 
the last; the vibrations are twHce as rapid. When the 
wire is clipped at one-third of its length and the shorter 
segment rubbed, the note is a fit^h alwre ihe octavw. 
Taking one-fourth of its length and rubbing as before, the 
note yielded is the double octave of that of the whole wire, 
being produced by four times the number of vibrations. 
Thus, in longitudinal as well as in transverse vibrations, 
the number of vibrations executed in a given time u 
inverseli/ proportional to the length of the wire. 

And notice the surprising power of these sounds when 
the wire is rubbed vigorously. With a eborter length, 
the note is so acute, and at the Bame time so powei-ful, as 
to be hardly bearable. It is not the wire itself which 
produces this intense sound ; it is the wooden tray at its 
end to which its vibrations are communicated. And, the 
vibrations of the wire being longitudinal, those of the 
tray, which is at right angles to the wire, mnst be trans- 
versal. We have here, indeed, an instructive e.\ample of 
the conversion of longitudinal into transvei-sc vibrations 



i& LongitvdiaalPvlM$m Iron amd Brett: tiair JUa- 
tivt Vdo e i t i a dA ii mitud . 

Cuni^ the wire to nbrate igain longitadinallj 
Ihtoa^ lb eotin length, mj aesstutt iliall st tbe ouds 
tfane tarn die key at the end, tliits dtwigiiig the tenaon. 
Too notifie no TsrutioD of the note. The loo^ta^iMl 
vibntiofiB of the wire, nnlike the tnnerene onea, ue id* 
dependect of the tension. Beside the iron vire is stretched 
ft Meood, of brass, of the same l^igtb aod thieknees. I 
rob them both. Their tones are not the same ; that of 
the iron wire is congiderablj the higher of the two. Whj t 
Siinplv becanse tlie velodtv of the aoDnd^nlBe is greater 
in iron than in braes. The poises in this case pass to and 
fro from end to end of the wire. At one moment the wire 
pnahes the tra^ at its end ; at the next moment it polia 
the tray, this pushing and pulling being dae to the 
e of the pnlse to and fro along the whole wire. The 

B required for a pnlse to nm from one end to the other 
arid lack is that of a complete Tibntion. In that time 
the wire imparts one posh and one pnll to the wooden 
tray at its end ; the wooden tray imparts one complete 
vibration to the air, and the air bends once in and once 
out the tjmpanic membrane. It is manifest that the 
rapidity of vibration, or, in other words, the pitch of the 
note, depends npon tlie velocity with which tlie eoond- 
pulse is transmitted through the wire. 

And DOW the solatJon of a beftatihil problem falls of J 
itjwif into onr hands. By shortening the brass wire we J 
canM it to emit a note of the same pitch a« that emitted I 
by the othor. You hear both notes now sounding in I 
onison, and the reason is that the sound-pulse travdal 
tlirough these 23 feet of iron wire, and through theeev 
15 feet 6 inchea of brass wire, in tlie same time. Thesel 
length* are m the ratio of 11 f 17. and these two numbi 
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express the relative velotities of sound in brass and iron. 
In fact, the former velocitj' is ll.iXiO feet, and the Utter 
IT.tKXI feet a second. The gaiue method is of course a]»- 
plieable to manj other nietiiis. 

When a wire or string, vibmting lonKitndinallj-, emits 
lowest note, there is no node whatever upon it ; the 
jafit stated, runs to and fro along the whole 
Bnt, like a string vibrating iransversly, it can 
itso subdivide itself into ventral segments separated by 
nodes. By damping the centre of the wire we make that 
point a node. The pidses here run from both ends, meet 
in the centre, recoil from each other, and return to the 
lends, where they are reflected as hefore. The note pro- 
'-duced is the octave of the fundamental note. The next 
higher note corresponds to the division of the wire into 
thi-ee vibrating segments, separated from each other by 
two nodes. The first of these three modes of vibration is 
fihown in Fig, 82, a and b ; the second at c anil d; the 
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third at 6 &nAf; tlie nodes being marked by dotted trana- 
▼eree lines, and the arrows in each case pointing out the 
direction in which the pulse moves. The rates of vibi-n- 
tioii follow the order of tlie numbers, 1, 2, 3, 4, 5, etc., 
jnst as in the case of a wire vibrating transvei'sely. 

A rod or har of wood or metal, with its two ends fixed, 
Bnd vibrating longitudinally, divides itself in the same 
manner as the wire. The snccession of tones is also ttw 
same in both cases. 





Gi>^ uiii ^AT? <ciUi Wit enJjtad ire dl^o capabte of 
ribrMJng loD^uotiiBiuT. A aiti»ui vocAieo ur EDCt*! nod, 
(oreurapfe. with one of i 



■D node apon the rod. TIk pftek af tbt nole ia imandjr 
praportiaittl to Oe Ic^di of tfce rod. TUs Ulowi aeec*- 
■ril; from tbe &ek tbMthelnwfrf  l—|i1iIi. nbntiaci 
k the time repaired lew the iiintwi pain to i^ tviee to 
and fro over die rod. The fint vnstane of a rod, fixed at 
ooe cad, eorretpoiHk to its di >i M ntt by a aode at a pomt 
MMt ttird of it» length from ita tree eod. baKcoadovcr- 
tooe w t i ee po ttdt to a <finaoa bjtwo Boda^ the hi^e rt 
of wUcfa ii at a potot ooe-fifth of the length of the rod 
from tta free end, the lemaiBdcr of Ae rod being dinded 
into tvoeqwd parts by the aeeood node. In I^. S3, a and 
h, e and A, e and f^ are 
shown die conditions of 
the rod answering to its 
Cnt three modes of Tibi»- 
tioa : the nodee. as before, 
are marked br dotted 
linea, the arrows in &■ 
respective eases aiaik- 
tng the diiectioQ of ths 
pDlse& 

The order of the tonea of a rod fixed at one ertd and 
vibrating loogitndinally is tluU of the odd numbers 1, 3, 
S, 7, etc It is easj to eee tltat this most be the case. 
For the time of ritiration of e or (2 is that of the s^raent 
fthore the dotted line: and the Ivngth of this f 
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being onljr ooe-thitd &at of tbe whole rod, its libntium 
must be tbree utoes m i^d. Tbe time of vibnuioD io 
or ^ is alfio that of its 
liig^eet segment, sod m — '- 

this segment is one-fifth 
of tixe length c^ the 
whole rod, ita Tibntiona 
five tiroes %b 

lid. Thus the order 
the tones mBst l>e 

>t of the odd muDbers. 
Before yon, Fig. !^l, 
is A mosial iostniUKnt, 
the eoDnda of which are 
due to tbe hmgitadiD&l 
vibndoDS of a nnraber 
of deal rods of different 
lengths. Pa£eiDg the ref- 
ined fingen OTer the rodi 
in Bncce&saon, a series of 
notes of vaning pitch is 
obtained. An expert per- 
former might render the 




les of this iiifitmment very pleasant to you. 

§4. rihrati'oTU of £od«/ree at Both £u<U. 



Itods mih loth mds/ree are also capable of vibrating 
longitudinally, and producing musical tones. The investi- 
gation of this subject will lead tis to exceedingly important 
results. Clasping a long glass tobe exactly at its centre, 
and passing a wetted cloth over one of its halves, a clear 
mnscal sound is tbe result. A solid glass rod of the same 
length would yield the same note. In this case the centre 
of the tube is a node, nnd the two halves elongate and 
I ■borten in quick alternation. M. KOnig, of Paris, has pro 



■»fc;h*tte I I Hill irfflgiwiyfcJA—sjMtfat 
dw ad, 1^  a A Mte «f tRMfc Itffij OmnAber 





M iBtnae, that the lall u rejerted with vio- 
ntnet into eoDtael with the end «f the 



VOratieo*. 
When Ihe wetted doth is {Msed over dte sorfiiee of 
• gbn tube the film of liquid left behind br the cloth 
b Mm fwming narrow tremalons rings all ^ong the rod. 
How tbk ihiTerinff of the lirinid is doe to the shivering of 
the 0^ mdemnth it, »ad it is po^ble so to augment 
r of the Tibniion that the glass shiill acCnal^ 
|D to pteeea. 8*nrt was the firet to show this. Twin 
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in tliis place X hare repeated tfats experiment, sicrifiang 
in etch case » fine gbss tnbe 6 feet iimg ud d inches iu 
diameto-. Seiang tbe tabe at its centre c^ Fig. S6, 1 
nrept m^ band ngoronflT to and &o along c o, tuti) 
fM. K. fin^Ur tlie half moet im m 

distant from nij hand 
was ahirered into an- 
nular Aagiuents. On 
examining these it was 
fotmd that, narrow as 
they were, manv of 
them were marked by 
circniar ^aeks indi- 
cating a 6tiU more 
minute subdivision. 
In this case al^ 
^ the rapidity of vibn- 
t tion is invereelv pn.*- 
portional tu the length (s 
of the rocL A rod 
of half the length ri- 
bntee longitndinallj 
with double the nv- 
a pidity, a rod of one- 

^ tliird the length with 

% treble the rapidity, and •* 

9 SO on. The time of 

^ a complete vibration 

^ being that required 

^ bv the pulse to travel 

* to and fro over the 

I rod, and that time 

being directly propor- 
il to the length of the rod, the rapidity of 
;, of neceesity, be in the inveree proportion. 
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This division of a rod hy a single node at ita cenb'e 
corresponds to tlie deepest tone produced by its longi- 
tudinal vibration. But, as in alt other cases hitberto 
examined, siicb rods can subdivide theiuselves further. 
Holding the long glass rod a e, Fig. 87, at a point, b, mid- 
way between its centre and one of ita ends, and rubbing 
its short section, a b, with a wet cloth, the point b be- 
comes a node, a second node, d, being formed at t!ie same 
distance from tlie opposite end of the rod. Tims we have 
the rod divided into three vibrating parts, consisting of 
one whole ventral segment, b d, and two half ones, a h 
and d e. The sound corresponding to tliis division of the 
rod is the octave of its fundamental note. 

Ton have now a means of checking me. For, if tJie 
second mode of dirision just described produces the octave 
of the fundamental note, and if a rod of half tlic length 
produces the same octave, then the whole rod held at a 
point one-fourth of its length from one of its ends ought 
to emit the same note as the hiilf rod held in tlie middle. 
When both notes are sounded together they are heard to 
be identical in pitch. 

Fig. 88, a and J, c and (?, e and ./", shows the three first 



divisions of a rod free at both ends and vibrating longitu- 
dinally. The nodes, as before, are marked by transverse 
dots, the direction of the pulses being shown by arrows. 
The order of tlie tones is that cf the numbers 1, 2, 3, 



1. etc. 
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EXAMINATION UY FOLAIilZED I.IGIIT, 



IS 6. Action of Sonorous Vibrations on Polarised Lig 
When a tube or rod vibrating longitudinally yields ita 
fundamantal tone, its two ends are in a state of free vibra- 
tion, the glafis tlicre suifering neither strain nor prcssiuii. 
The case at the centre is exactly the revei-ae ; here there 
IB no vibration, but a quick alternation of tension and 
compression. When tlie sonorous pulses meet at the centro 
they squeeze the glass ; when they recoil tbey strain it. 
Thus while at the endawekave t/ie viaximum of vihraiiim, 
hit no change of densiii/, at the centre we have the mawi- 
mum changes of densUy, hut no vzl^'Ution, 

We have now cleared the way for tlie introduction of a 
f rery beautiful experiment made mauy years ago by Eiot, 
I but never, to my knowledge, repeated on the scale here 
I presented to you. The beam from our electric lamp, l, 
I Fig. 89, being sent through a prism, n, of bi-refractiiig 




Bpar, a beam of polarized light is obtained. This 1 
impinges on a second prism of spar, n, but, though both 
prisms are perfectly transparent, the hght which has passed 
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through the first cannot get tlirongh the second. Bj 
introducing a piece of glaes between the two prismd, and 
subjecting the glass to either strain or pressure, the light 
is enabled to pa^s through the entire system. 

I now introduce between the prisma b and n a, rec- 
tangle, a %'y of plate glass, 6 feet long, 2 inches wide, and 
i of an inch thick, which is to be thrown into longitudinal 
vibration. The l)eani from l passes through the glass at 
a point near its centre, which is held in a vice, c, bo that 
when S wet cloth is passed over one of the h.ilves, cs', of 
the strip, the centre wiU be a node. During ita longitu- 
dinal vibration the glass near the centre is, as already 
explained, alternately strained and compressed; and this 
snecessive strain and pressure so changes the condition 
of the light as to enable it to pass throngh the second 
prism. Tlie screen is now dark; but on passing tlie 
wetted cloth briskly over the glass a brilliant disk of light, 
three feet in diameter, flashes out npon the screen. The 
vibration quickly subsides, and the luminous disk as quick- 
ly disappears, to be, however, revived at will by the pas- 
sage of the wetted cloth along the glass. 

The light of this disk appears to be continuous, but it 
is really intcnnittent, for it is only when the glass is under 
strain or pressure that the light can get through. In 
passing from strain to pressure, and from pressure to 
Btrain, the glass is for a moment in its natuml state, which, 
if it continue*], would leave the screen dark. But the 
impressions of brightness, due to the strains and pressures, 
remain far longer upon the retina than is necessary to 
abolish the intervals of darkness; hence the screen ap- 
pears illuminated by a continuous light. When the glass 
rectangle is shifted so as to cause the beam of polarized 
light to pass through it close to ita end, «, the longitudinal 
vibrations of the glass have no efi'ect whatever upon the 
polarized beam. 
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VIBRATIONS OF WOODEK BODa 

Tliufi, by ine»na of this eubtile investigator, we demon- 
strate that, while the centre of the gliiss, where the vibra- 
tion is nil, is subjected to qniek alternations of strain and 
preesore, the ends of the rectangle, where the vibration is 
a tnaxmium, suSer neither.' 

% 7. Vibrationt of Rods of Wood : Determination cf 
Relative VelocUiea in Different Wood«. 
Rods of wood and metal also yield musical tones when 
they vibrate longitudinally. Here, however, tbe rubber 
employed is not a wet clutli, but a piece of leather covered 
wiUi powdered resin. The resined fingers also elicit the 
music of the rods. The modeti of vibration here are those 
already indicated, the pilch, however, varying with the 
Telocity of tlie sonorous pulse in the respective substances. 
I When two rods of the same length, the one of deal, tbe 
" other of Spam&h mahogany, are sounded together, the 
pitch of the one is much lower than that of the other. 
Why ! Simply becanse the sonorous pulses pass more slow- 
ly through the mahogany than through the deal. Can we 
find tbe relative velocity of sound tbrough both 'i With 
the greatest ease. We have only to carefully shorten the 
mahogany rod till it yields the same not« as the deal one. 
The notes, rendered approximate by the first trials, are 
now identical. Through this rod of mahogany 4 feet long, 
and through this rod of deal 6 feet long, the sound-pidse 
paasee in the same time, and these numbers express the 
relative velocities of sound tlirough the two substances. 

Hodes of investigation, which could only be hinted at 
in our earlier lectures, are now falling naturally into oui 
hands. When in the first lecture the velocity of sound 
iu air was spoken of, many possible methods of determin- 
;ing this velocity must have occurred to your minds, because 
liere we have miles of space to operate upon. Its velocity 

This eiperimpnt auccerJi ilmoal e^uiil)' well willi a j;la«9 tube. 
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tlirough wood or metal, where socb distances are oat ol 
the question, is detemiiDed in the simple inanner just in- 
dicated. From the notes which the; emit when suitably 
prepared, we may inter with certainty the relative veloci- 
ties of sound through different Eolid substances ; and de- 
termining the ratio of the velocity in any one of them to 
its velocity in air, we are able to diaw up a tahle of abso- 
lute velocities. But how is air to be introduced into the 
series 1 We thall soon be able to answer this question, 
approaching it, however, through a number of phenomena 
with which, at first sight, it apjicars to have no counen- 
tioD. 



BESONASCE. 
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Analysis and 



§ 8. Ej-perimenta with Resonant Jar 
lirplanation. 

The series of tuning-forks now before you have had 
iheir nttes of vihi-ation determined by the siren. One, 
you will remember, vibi'stes 256 times id a second, the 
length of its soiiorous wave being 4 feet 4 inches. It ii 
detached from its case, Kt that when struck against a pad 
yon hardly hear it. When held over this glass jar, a b, 
Fig. 90, 18 inches deep, yon still fail to hear the sound of 
tlie fork. Preserving the fork in its position, I pour water 
witJi the least possible noise into the jar. The column of 
air underneath the fork shortens, the sound augments in 
intensity, and when the water has reached a certain level 
it bursts forth with extraordinary power. A greater quan- 
tity of water causes the sound to sink, and become finally 
tnandible, as at first. By pouring the water carefully ont 
ft point is reached where the reenforcement of the sound 




A 




OOSDITIOSS OF RESOSAJfCE. 201 

Bg&tQ occurs. ExperimentiDg thus, we learu that there ia 

one particnlar length F.a. » 

of the eolumn of air 

which, when the fork 

U placed above 

prodaces a maximum 

augmentation of the '*' 

sound. This reenforce- 

ment of the sound is 

Bamed r«aonanoe. 

Operating in the 
eame way with all the 
forks in snceession, a 
column of air is found 
for each, which yielda 
a maximum regonanoe. 
These columns become 
Bborter as the rapidity 
of vibration increasea, 

la Fig. 91 the series of jars ia represented, the number of 
vibrations to which each re- 
Bonnds being placed above it 

What is the physical 
meaning of this very won- 
derful effect ! To solve thia 
question we must revive onr 
knowledge of tlie relation 
of the motion of the fork 
itself to the motion of the 
sonorous wave produced by < 
the fork. Supposing a prong 
of this fork, which esecntes 256 vibrations in a second, 
to vibrate between the points a and h, Fig. 92, in its 
motion from a to S the fork generates half a sonorous 
wave, and as the lenj^h of the whole wave emitted by 
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SOUXD. 



this fork is 4 feel 4 inches, st the moment the prong 
reaches S the foremost point of the sonorous wave will be 
at c, 2 feet 2 inches distant from the fork. The motion 
of the wave, then, is vastly greater than tliat of the fork. 



1 



In fact, tlie distance a £ is, in this case, not more than one 
twentieth of an inch, while the wave has passed over a 
distance of 26 inches. "With forks of lower pitch the 
difference would be still greater. 

Our nest question is, what is the length of the column 
of air which resounds to this fork ) Bj measurement with 
a two-foot rule it is found to be 13 inches. But the length 
of the wave emitted by the fork is 52 inches ; hence th« 
length of the column of air which 
resounds to the fork i« equal to one- 
fourth of the leni/th of the aoyind- 
wave produced by the fork. This 
rule is general, and might be illus- 
trated by any other of the forks 
instead of tliis one. 

Let the prong, vibrating between 
the limits a and h, be placed over its 
resonant jar, A B, Fig, 93. In the time 
required by the prong to move from 
a to b, the condensation it produces 
runs down to the bottom of the jar, 
iti there reflected, and. as tlie distance to the bottom and 
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ANALYSIS AND EXPLANATION. 



'btuik is 26 inches, the reflected ware will reach the fork 
at tlie moment when it ib on the point of retnming from 
i to a. The rarefat-tiou of the wave is produced by the 
retreat of the prong from i to a. This rarefaction will 
also nm to the bottom of the jar and back, overtaking the 
prong just as it reaches the limit, a, of its escursioQ. It 
is plain from tliis analysis that the yihrations of the fork 
are perfectly eynchronous with the vibrationB of the aerial 
colonin A B ; and in virtne of this synchronism the motion 
scctunnlates in the jar, spreads abroad in the room, and 
produces this vast augmentation of the sound. 

When we substitute for the air in one of these jars a 
gas of different elasticity, we find the length of the re- 
sounding column to be diU'erent. The velocity of sound 
through coal-gas is to its velocity in air about as 8:5. 
Hence, to synchronize with our fork, a jar filled with coal- 
gas mnst be deeper than one filled with air, I turn this 
jar, IS inches long, upside do\^'n, and hold close to its 
open mouth our agitated tuning-fork. It is scarcely audi- 
ble. The jar, with air in it, is 5 inches loo deep for this 
fork. Let coal-gas now enter the jar. As it ascends the 
note at a certain point swells out, proving that for the 
more elastic gas a depth of 18 inches is not too great. In 
fact, it is not great enough ; for if too much gas be allowed 
to enter the jar the resonance is weakened. By suddenly 
turning the jar upright, still holding the fork close to its 
mouth, the gas escapes, and at the point of proper admiit- 
nre of gas and air the note swells out again.' 

§ 9. ReZ-nforcemeni of Bell hy Resonance. 

This fine, sonorous bell, Fig. 94, is thrown into intense 

I Jfihration by the passage of a reained bow across its edge. 

I Ton hear its sound, pure, but not very forcible. When, 

' Tbb ejperimenl is moie essilj executed with bjdrc^ini ih«ii wltb 
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however, the open mouth of this lai^ tiil»e, wUiiih U 
closed at one end, Ib lirougbt close to one of the vibrating 
eegmcQts of the bell, the tone swells into a inuoical roar. 




As the tube is alternately withdrawn and advanced, tlia 
sound sinks and swells in this extraordinary manner. 

The second tube, open at both ends, is capable of being 
lengthened and shortened by a teleseopic slider. When 
brought near the vibrating bell, the resonance is feeble. 
On lengthening the tube by drawing out the slider at a 
cei-tain point, the tone swells out as before. If the tube 
be made longer, the resonance is again enfeebled. Note 
the fact, which shall be explained presently, that the open 
tube which gives the maximnm resonance is exactly twice 
the length of the closed one. For these fine experiments 
we are indebted to Savart. 

§ 10. Expenditure of Motion in Resonance. 
With the India-rubber tube employed in our third 
chapter it was found necessary to time the irapulsea prop- 
erly, 80 as to produce the various ventral segments. I 
could then feel that the muscrilar work performed, when 
the impulses were properly timed, was greater than when 
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fltej were irregnkr. Tbe Game tnitfa maj be iUnstrited 
hj • dsret-glaes half Sited witb irxtQ*. Endeavor to 
move your tuiad to uid &o, in acconiance with tbe oecil- 
lating period of the vater; when tod haTe thorongUj 
eGtaUielied evncfaronism, the vork tbroim apoa tbe hand 
spparentlT angments the weight of tbe water. So like 
wise with our tnniag^fork ; when ita impnlEes are timed 
to the TibratioQs of the colamn of air contained in tbia 
jar, ite wotk ie greater than when thev are not so timed. 
Aa a emseqnence of this the taamg-fork comes sooner to 
rest when it ia placed ova- the jar than when it is pennit- 
ted to Tihrate either in free air, or over a jar of a depth 
■msuited to its periods of vibration.' 

Bcdecting on what we have now learned, yoa wonld 
have little difficnltj in solving tbe following beantifn) 
problem : Yon are provided with a tnning-fork and a 
^ren, and are repaired bv means of these two iostramenta 
to determine tbe velocity of fionsd in air. To eolve tbia 
problem von lack, if anything, tbe mere power of manip- 
nlatioa which practice imparts. You would first delcr- 
mine, by means of the dren, tlie niunber of vibtatioos 
executed by tbe tnning-fork in a second ; yon would then 
determine tbe length of the colamn of air which reeoonda 
to the fork. This length multiplied by 4 would give yon, 
approximately, the wave-length of the fork, and the wave- 
length multiplied by tbe number of vibrations in a second 
would ^ve you the velocity in a second. Without qnittiiig 
your private room, therefore, yon could solve this impor- 
tant problem. We will go on. if yon please, in this fasliton, 
oatiiig our footing sure us we advance. 

I Onlj an eitran^iy tmaH limction of the fork's motion la, bowcrtt, 
eonvutod into eoond. Tbe remuDder ia expended id orcrMoiing Iha fat- 
tarntf fridioQ of ha own puiidei. In otber wotda, norij ibe vfaole of 
AaSMian is cnaTencd into beu. 
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§ 11. Seatmatora of Jldmholtz. 

Helmholtz has availed hiraeelf of the principle of r 

naaee in snal^'zing composite sounds. He employs little 

hollow splieres, called resoTiatora, one of which is showii 

ill Fig. 94a. The small projection i, which Iihb a» orificft^ 




is placed in tlie ear, "liile the sound-waves enter the hol- 
low sphere through the wide apertnre at a. Refinforced 
by the resonance of such a cavity, and rendered thereby 
more powerful than its companions, a particular note of a 
composite clang may be in a measure isolated and studiet^' 
alone. 
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§ 12. Prindplea of Resonance applied to Organ-Pipes. 

Thus disciplined we are prepared to consider the sub- 
ject of organ-pipes, which is one of great importance. 
Before me on the table are two resonant jars, and in my 
right hand and ray left are held two tuning-forks. I agi- 
tate both, and hold them over this jar. One of them only 
is heai-d. UeJd over the other jar, the other fork alone 
is heard. Each jar selects that fork whose periods of 
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VIBRATING COLCHXS OP AIR. 
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▼ibntion Bj-nchrooize irith its own. And instead of two 
forks eoppose several of them to be held orer tbe j»r ; 
from the conftued BEEemUAge of pulses tbns geoented, 
the jar would eeleet aod reenforee that one which oorre- 
epoods to its own period of vibntiun. 

When I blow aeroes the open month of tbe jar; or, 
better Btill, for the jar is too wide for tlus experiment, when 
I blow across the open end of a glass tnbe, t u, Fig. 95, of 
the same length as the jar, a finttering of the air U thereby 
prodiioed,an aeeemblageof poises at the open monthof the 
tube being gcnented. And what is the con- ^^ ^ 
eeqoeaoe t The tnbe selects that palse of tlie 
flatter which is in synchronism with itself, 
and raises it to a moaical sound. The sound, 
yon perceive, is precisely that obtained when 
the proper tuning-fork is placed over the tube. 
The colnmn of air within the tube has, in ' 
this case, rirtnally created its own tuning- 
fork ; for by tbe reaction of its pnlses upon 
the dieet of air issuing from tbe lips it has 
compelled that sheet to vibrate in synchronism 
with itself, and made it thus act the part of 
the tuning-fork. 

Selecting for each of the otiier tuning- 
forks a resonant tube, in every case, on blow- 
ing across the open end of the tube, a tone is 
produced identical in pitch with that obtained tltron^ 
resonance. 

When different tubes are compared, the rate of vibra- 
tion ia found to be inversely proportiooal to the length of 
the tnbe. These three tubes are 24, 12, and 6 inches long, 
reepectively. I blow gently across tbe 2-i-inch tnlte, and 
bring oat its fundamental note ; similarly treated, the 19- 
inch tnbe yields the octave of the note of the 24-iiich. In 
like manner the 6-inch tube yields theoctaveof the 13-iiich, 




It is plain tbat this must be the case ; for, the rate of 
ribratioc depeading on the distance which the pube has 
to travel to complete a Tibration, if in one case this dis- 
tance be twice wliat it is in another, the rate of vibration 
most be twice as slow. In general terms, the rate of vi- 
hration is inversely proportional to the length of the tube 
through which the poise passes. 

I 13. VibratioTiS of Stopped Pipes : Modes <^ Dieision : 
Ooertonea. 

But that the current of air should be thus able to ac- 
commodate itself to the requirements of tlie tube, it must 
enjoy a certain &moimt oi Jtfxibility. A little reflection 
will show you that the power of the reflected pulse over 
the current must depend to some extent on the force ot 
the cnrreot. A stronger current, like a more powerfully 
stretched string, requires a great force to defiect it, and 
when deflected vibrates more quickly. Accordingly, to 
obtain the fundamental note of this 24-inch tube, we must 
blow very gently across its open end ; a rich, full, and for- 
cible musical tone is then produced- With a little stronger 
blast the sound approaches a mere rustle; blowing stronger 
still, ft tone is obtained of much higher pitch than tlie 
fundamental one. This is the first overtone of the tube, 
to produce which the column of air within it has divided 
itself into two vibrating parts, with a node between them. 
With ft still stronger blast a still higher note is obtained. 
The tube is now divided into three vibrating parts, sepa- 
rated from each other by two nodes. Once more I blow 
with sudden strength ; a higher note than any before ob- 
tained is the consequence. 

In Fig. 96 are represented tlie divisions of the column 
of air correspondiug to the first three notes of a tube 
stopped at one end. At a and h, which correspond to the 
Fundamental note, the column is undivided ; the botluin of 
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BTOPPEO PIPES. 



the tabe is tbe only node, and the palee dmplj moves up 
and down from top to bottom, ae denoted b; tbe arrows. 
In c and d, whieh correspond to the first overtone of the 
tube, we Lave one nodal enrfac'C shown by dots at x, 
against which tbe pulses abut, and from which thej are 
reflected as from a fixed surface. This nodal surface ia 
aitoated at one -third of 

the length of tbe lul>e „ t,- 

from its open end. In 

I e and/", which correspond 
to tlie second overtone, 
we have two nodal sor- 
facee, tbe upper one, 3f , 
of which is at one-tifth of 
the length of the tni« 
from its open end, the 
remaining four-fifths being divided into two equal parts 

L b; the second nodsJ surface. The arrows, as before, mark 

E the directions of the pulses. 

' We have now to inqaire into tbe relation of these 
Boccessive notes to each other. The s[i&.i.-e from nude to 
node has bet'U called all tlironph " a ventral i^ginent ; " 
hence tbe space between the middle of a ventral segment 

Lwid a node is a semi-ventral segment. Tou wiU readily 

I bear in mind the law that tlu nvmher of vibrationa 

r M directly proportional to the nvmber of semi-ventral 
tegmenta into which the column of air within the tube is 
di^-ided. Thne, when tbe fundamental note is sounded, we 
have but a single semi-ventral segment, as at a and b. Tbe 
bottom here is a node, and the open end of the tube, where 
tlie air is agitated, is tbe middle of a ventral segment. 

. The mode of division represented in c and d jields three 
i-ventral segments ; in e and / we have five. Tlie vi- 
itionE, therefore, corresponding to this series of notes, 
infnncKt '" t''6 proportion of the series of odd nnml>er6, 
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1 : S : 5. And could we obtain still liigher notes, their 
relative rates of vibmtion would continue to be representfid 
by the odd numbere, 7, 9, 11, 13, etc., etc. 

It is evident tliat tliiB mtist be the law of miccession. 
For the time of vibration in c or d is that of a stopped 
tabe of the length x i/ ; but this length is oue-tbiM of the 
length of the whole tutte, conaeijuently its Tibrationa most 
be three tiniee as rapid. The time of vibration in e otJ^ib 
that of a stopped tube of the length x' y', and inasmuch ae 
thia length is one-fifth that of the whole tube, its vibra- 
tions must be five times as rapid. We thus obtain the 
Bucceeeion 1, 3, 5, and if we pushed matters farther 
we should obtaiu the continuation of the eeries of odd 
numbers. 

And here it is once more in jour power to subject my 
statements to au experimental test. Here are two tubes, 
one of which is tliree times the length of the other. I 
sound the fundamental note of the loirgest tulie, and then 
the next note above the fundamental. The vibrations of 
these two notes are stated to be in tlie ratio of 1 : 3. This 
latter note, therefore, ought to be of precisely the same 
pitch as the fundamental note of the aliorter of the two 
tubes. When both tubes are sounded their notes are 
identical. 

It is only necessary to place a series of snch tubes of 
different lengths thns together to form that ancient instru- 
ment, Pan's pipes, p p', Fig. 97 (next page), with which 
we are so well acquainted. 

The successive divisions, and the relation of the over- 
toues of a rod fixed at one end (described in p. 193), are 
plainly identical with those of a column of air in & tube 
stopped at one end, which we have been 1 
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' 'if Oi'sn Pipes: Modes of Division : 
Ooertottes. 

From tabes closed at one end, 8nd which, for the sake 
of brevity, mHy be called stopped tubes, we now pass to 
tubes open at both ends, which we ehall caU open tnhea, 
Ck>mparing, in the first instance, a stopped tut>e with an 
o[»en one of tlie same length, we find the note of the latter 
ID octave higher than tiiat of the former. This result is 
^neral. To make an oi>en tube yield tlie same note as a 
closed one, it must be twite the length of the latter. And, 
since the length of a closed tube sounding its fundamental 
note is one-fourth of the ,.,„ j, 

length of its soooroua wave, FiJ 
the length of an open tube 
is ooe-half that of the sono- 
rouB wave that it produces. 

It is not easy to obtain 
« Bost^ned mnsical note by 
blowing acroes the end of 
Ao open glass tnbe; but a 

JOere pnff of breath across the end reveals the pitch to the 
disciplined ear. In each case it Is tliat of a closed tube 
half the length of the open one. 

There are various ways of agitating the air at the ends 
of pipes and tnbes, so as to throw the air-colnnine within 
them into vibration. In organ-pipes this is done by blow- 
ing a thin sheet of air against a sharp edge. Ton will 
have no difficulty in understanding the constmction of an 
open organ-pipe, from tliis model, Fig. 9S, one side of 
■which has been removed so that yon may see its inner 
parts. Through the tulie t the air passes from the wind- 
chest into the chamber, c, which is closed at the top, save a 
narrow slit, e d, through which the compressed air of the 
^lamber issues. This thin air-current breaks against the 
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aliarp edge, a h, and there pro 
duces a fluttering noise, and the 
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pro[>(:r puise of tliis flutter is 
ton verted by the reeonance of 
the pipe above into a musical 
sound. Tlie open space be- 
tween the edge, a b, and the slit 
below it is called the etnJxiv^ 
chure. Fig. 9y represents a 
stopped pipe of the eaine length 
as that shown in Fig. 98, and 
hence producing a note an oc- 
tave lower. 

Instead of a fluttering sheet 
of air, a tuning-fork whose rate 
of vibration synchronizes with 
thiit of the organ-pipe may be 
placid Ht tlie embouchure, as nt 
A 11, Fig. 100. The pipe will 
resotmd. Here, for example, 
are four open pipes of different 
lengtlis, and four tuning-forks 
of different rates of vibration. 
Striking tlie most slowly ri- 
hraliiij!; fork, and bringing it ^ 
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longest pipe, the pipe apeala 
powerfully. When blown ml«, 
the same pipe yields a tone 
identical with that of the tun- 
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ri 


ing-fork. Cioint; throiif,'h all 
the pipes in fiUCL^ession, wo find 
in each case that the note ob- 
tained by blowing into the pipe 
is exactly that prndnred wlitii 
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IBESOyASCK APPLtKD TO 0KU4N-P1PES. 
!lie proper tuning-fork is placed at the embonelitire. Con- 
ceive now the four forks placed together near the same 
embonchure ; we should have ptilses of four diilercnt 
pen'ods there excited ; but out of the four the pipe would 
select only one. And if four hundred vibrating forka 
oould he placed there instefld of four, the pipe would still 
make the proper selection. This it also does when for 
the pulses of tuning-forks we substitute the assemblage of 
pnkee created by the current 
of air when it strikes against 
the sharp upper edge of the 
ernbouchnre. 

The heavy vibrating mass 
of the tuning-fork ia prac- 
tically uninfluenced by the 
motion of the air within 
the pipe. But this is not 
Ae case when air itself i.4 
18 vibrating body. Here, as 
before explained, the pipe 
creates, as it were, its own 
tnning-fork, by compelling 
the fluttering stream at its ^"^ 
^embouchure to vibrate i 
iriods answering to its own. 
The condition of the !iir within an open organ-pipe, 
when its fundamental note is sounded, is that of a iwl 
ifree at botli ends, held at its centre, and caused tn vibrate 
^longitudinally. The two ends are places of vibration, the 
re is a node. Is there any way of feelimj the vibrat- 
aiiH3olumn so as to determine its nodes and its 
[iflacea of vibration \ The late excellent William Hopkina 
taught us the following mode of solving this [iroblera : 
Over a little Loop is stretched a thin membrane, forming 
little tambourine. The front of this organ-pijie, p r', 







I'ig. 101, 16 of glass, through which you can see the pod* 
tion of any body within it. By means of a string, the little 
tamljoiirine, wt, can be raised or lowered at pleasure 
through the untire length of the pipe. When held above 
I he upper end of the pipe, you hear the loud buzzing of 
the membrane. When lowered into the pipe, it coutiuues 
lo buzz for a time ; the eonnd becoming gradually feebler, 
j^ i„ and tiniilly ceasing totally. It is now in 

the middle of the pipe, where it iramiot 
vibiate, because the air around it is at 
rest. On lowering it still further, the 
buzzing sound instantly recommences, and 
continues down to the bottom of the 
pipe. Thus, as the membrane is raided 
and lowered in quick succession, during 
every descent and ascent, we have two 
periods of sound separated from each 
other by one of silence. If sand were 
strewed upon the membrane, it would 
dance above and below, but it would Ije 
quiescent at the centre. We thus prove 
experimentally that, when an organ-pipe 
sounds its fundamental note, it divides it- 
t,'-\f into two semi-ventral segmento sepft- 
t.iird by a node. 

What is the condition of the air at 
Miv^P . this node) Again, that of the middle of 
IB a rod, free at both ends, and yielding the 
l^j^S funduinental note of its longitudinal vi- 
l^m bration. The pulses reflected from both 
ends of the rod, or of the column of air, 
meet in the middle, and produce compression ; they then 
retreat and produce rarefaction. Thus, while tliere Is no 
vibration in the centre of an organ-pipe, the air there under- 
goes the greatest clianges of density. At the two ends it 
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rihe pipe, on die other Land, the ftip-particlea mere!/ &winf{ 
I up and down without aeusible eoniprussiou or rarefaction. 
If the sounding pipe were piert-ed at the centre, and 
the orifice stopped by a membraiiR, the air, when condensed, 
would prt'ss tlie membrane outwanl, and, when raretied. 
the external air would press the membrane inwai-d. Tht 
membraue woiJd therefore vibrate in unison with tlit 
column of air. The organ-pipe. Fig. 102, is bo ai-rangcfl 
that a small jet of gae, b, can he lighted opposite the ceutn 
of the pipe, and there acted upon by the vibrations of s 
membrane. Two oilier gas-jets, a and c, are placed nearlj 
Biidwaj between the centre and the two ends of the pipe. 
) The three burners, a, b, c, are fed in tlie following manner: 




through the tube, t, the gas enters the hollow chamber, 
« d, from which issue three little bent tubes, shown in the 
figure, each comnmnicating with a capsule closed under- 
neath by the membrane. This is in direct contact with 
the air of the organ-pipe. From the three capsules issne 
the three little burners, with their flames, a, b, o. 

Blowing into the pipe so as to sound its fundamental 
note, the tliree flames are agitated, but tlie central one 
18 most so. Lowering the Hames so as to render them 
very small, and blowing again, the central flame, h, ia ex- 
tinguished, while the others remain lighted. The experi- 
ment may he performed half a dozen times in succession ; 
the sounding of the fundamental note always quenc]ie« the 
middle flame. 



a 16 aooNi), 

By blowing more eliarply into tlie pipe, it is caused 
to yield its first overtone. The middle node no longer 
exists. Tlie centre of the pipe is now a place of inaximura 
vibration, while two nodes are formed midway between tlie 
centre and the two ends. But if this be the case, and if 
the fljiine opposite the node be always blown out, tlien, 
when the first overtone of this pipe is sounded, the two 
fliimcs a and o ought to be extinguished, while tlie central 
Same remains lighted. This is the case. When the first 
harmonic is sounded the two nodal flames are infallibly ex- 
tinguished, while the flame b in the middle of the ventral 
segment is not sensibly disturbed. 

There is no theoretic limit to the subdivision of an 
organ-pipe, either stopped or open. In stopped pipes we 
begin with 1 semi-ventral segment, and pat^s on to 3, 5, 7, 
etc., semi-ventral segments, the number of vibrations of 
the successive notes augmenting in the same ratio. In 
open pipes we begin with 2 semi-ventral segments, and 
pass on to 4, 6, 8, 10, etc., the number of vibrations of 
the auccessivo notes augmenting in the same ratio; that 
is to say, in the ratio 1:2:3:4:5, etc AVhen, therefore, 
we pass from the fundamental tone to the tii-st overtone 
in an open pipe, we obtain the octave of the fundamental. 
When we make the same passage in a stopped pipe, wa 
obtain a note a fifth above the octave. No intermediate 
modes of vibration are in either case possible. If the 
fundamental tone of a stopped pipe be produced by 100 
vibrations a second, the first overtone will be produced 
by 300 vibrations, the second by 500, and so on. Such 
a pipe, for example, cannot execute 200 or 400 vibrations 
in a second. In like manner the open pipe, whose funda- 
mental note is produced by 100 vibrations a second, cannot 
vibrate 150 times in a second, but passes, at a jump, to 
200, 3f)0, 400, and so on 

In open pipes, its in stopped ones, the number of vibra- 
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lioQB executed in the unit of time is inversely proportional 
to the length of the pipe. This follows from the fant, 
already dwelt upon bo often, that the time of a vibration is 
determined by the distance which the sonorous pulse has 
to travel to complete a vibration. 

In Fig. 1U3, a and h (at the bottom) represent the 
division of an open pipe corresponding to its fundamental 
tone; o and d represent the division corresponding to its 
first, « and y the di- fiq los. 

corresponding 
to its seiiond over- 
tone, the dots mark- 
ing the nodes. The 
distance m n is one- 
half, op is one-fourth, 
and s i ia one-sixth ^ 
of the whole length 
of the pipe. liut the 
pitch of a is that of 
a stopped pipe equnl 
in- length to m n ,■ 
the pitch of c is that 
of a stopped pipe of 
the length op ; while 
the pitch of e is that of a stopped pipe of the length a L 
Hence, as these lengths are in the ratio of J : i : ^, or as 
1 : 4 : J, the rates of vibration must be aa the reciprocals 
of these, or as 3 : 3 : 1. From the mere inspection, there- 
fore, of the respective modes of vibration, we can draw the 
inference that the succession of tones of an open pipe must 
oorrespond to the series of natural numbers. 

The pipe a, Fig, 103, has been purposely drawn twice 
the length of a. Fig. 93 (p. 202). It is perfectly mani- 
fest that to complete a vibration the pulse has to pass 
over the same distance in both pipes, and hence that the 
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pitch of the two pipes must be the same. The open pipe, 
a n, consists viitually of two stopped ones, witli the cen- 
tral nodal Burfaec at m as their conimon base. This showe 
the relation of a aloj'ped pipe to an open one to be thai 
which exjierinient estuhlisliee. 

1 1 5. Vdocity of Sound in Gases, Li(juids, and Soltda^ 
detennvtied hy M-uaical Vihrattana. 

We have already learned that the relative velocities of 
Boniid in different solid bodies may be determined from 
the notes which they emit when thrown into longitu- 
dinal vibration. It was remarked At the time that to 
draw up a table of aheoluU velocities we only required 
the accurate comparison of the velocity in any one of 
those solids with the velocity in air. We are now in a 
condition to supply this comparison. For we have learned 
that the vibrations of the air in an organ-pipe open at 
both ends are executed precisL-ly as those of a rod free at 
both ends. Any difference of rapidity, therefore, between 
the vibrations of a rod and of an open organ-pipe of the 
same lengtii must be due solely to the different velocitiea 
witli which tho sonorous pulses ai-e propagated through 
them. Take therefore an organ-pipe of a certain length, 
emitting a note of a certain pitch, and find the length of 
a rod of pine which yields the same note. This length 
would be ten times that of the organ-pipe, which would 
prove the velocity of sound in pine to be ten times its 
velocity in air. Bnt the absolute velocity in air is 1,090 
feet a second ; hence the absolute velocity in pine is 
10,900 feet a second, which is that given in our first 
chapter (p. 70), To the celebrated Chladni we are in- 
debted for this beautiful mode of determining the velocity 
of sound in solid bodies. 

We had also in our first lecture a table of the velocitiei 
of sound in other gases than air. I am persuaded tl 
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yon could tell me, after due reflection, how this table was 
constnicted. It would only be iieuessiry tu tiud a seriea 
of organ-pipes which, when tilled with the diiferent gasee, 
yield the same note ; the lengths of these pipes would 
give the relative velocities of sound through the gases. 
Thus we should tiud the length of a pipe tilled with 
hydrogen to be four times that of a pipe filled with 
oxygen, yielding the same note, and this would prove tlie 
velocity of sound iu the former to be four times its velo- 
city in the latter. 

Bnt we had also a table of velocities through various 
liquids. How was it constructed 3 By forcing the 1 iquids 
through properly coustrueted organ-pipes, and comparing 
their musical tones. Tims, in water it requires a pipe a 
little better than four feet long to produce the note of an 
air-pipe one foot long ; and this proves the velocity of 
Bound in water to be somewhat more than fom- times its 
■velocity in air. My object here is to give you a clear 
notion of the way in which scientific knowledge enables 
us to cope with these apparently insurmountable problems. 
It is not necessary to go into the niceties of these measure- 
meats. You will, however, readily comprehend that all 
the experiments with gases might be made with the same 
oi^n-pipe, the velocity of sound in each respective gaa 
being immediately deduced from the pitch of its note. 
With a pipe of constant length the pitch, or, in other 
words, the number of vibmtions, would be directly pro- 
portional to the vehicity. Thus, comparing oxygen with 
hydrogen, we should find the note of the latter to be the 
double octave of that of the former, whence we shoidd 
infer the velocity of sound in hydrogen to !« four times 
its Telocity in oxygen. The same remark applies to ex- 
periments With liquids. Here also the same pipe may be 
employed throughout, the velocities being inferred from 
tlie notes produced by the respective lirjiiids. 



-TJ-ji^"*. iiT hitf ^ ieag^ at ik aoaomm vave, it is 
oslf BttCimr to ih li i ■!■! . b» *«■■• of tbe Eireo, tlie 
m^aJaet «f nhntiaas eiMUd br tbe [Ape la & eecou-1, 
•(•4 Id nrdliplT dni wmmlker br nriec the length of tbo 
|i^ev ia onier to «&(» Ike vdsdtr of ioond in tbe gas uT 
Bqand viliuB Ae fvpe. Tim, aa opcD jMpe Sti ineheB 
kag iMd fined «i& air exeotfM 3SS nbntions in a second. 
The ieagA <d its w aw m «■«« it tviee 96 io^-hes, or ^ 
faet : mnhiplyii^ KC bf 4^ ve obtain l.ldO fe«t per sec- 
ond as die T^ae ity «i aDsad tfaoag fa air uf this tempen- 
taie. Were Ibe tobe filled with artNiaie-ecid gas, its 
vibiatioBs voaU be damtr : vere it fiDed with hjdrc^ti, 
its Tibntiaaa woald be qai^ca- ; ssd appljing the same 
pfindple, we shuald find tbe relocitj of sonod in boUi 
theee gases. 

So likewise tbe lei^tb of a solid rod free at both ends, 
•nd Boooding its fundamental note, is half tbat of tbe go- 
Doroos ware in the sabetaooe of the aotii. Hcnoe we have 
only to detenniiK the nte of TibratioD of end) a rod, and 
multiplj it h\ twin tbe leaigth of tbe rod, to obtain the 
TiJoettjr of sotmd in the substance of the rod. Yud can 
liardi; fail tu be iropreGsed by the power which physi- 
cal eneiice Itas given us over these problems; nor will 
^'Oii tvfiise yoor admirttioa to that famous old investi- 
gator, Cltladtii, who taught as how to master them ex- 
[HArimeii tally. 



REEDS ANT) REED-PIPES. 

Tbe ooURtructiou of tlie siren and our experiments 
with that intitnuiHMit are. no doubt, fresh in your reeol- 
liwtioi), lit iimsK'al suhikIs are produi-cd by tbe cutting 
ii|i liitii jiiiITh uf a A»«rifs of air-currvnts. The same p^^ 
ptUHi i* ctliH'tiHi b,v 11 vibmtiiig n>ed, as employcl iu tliQ , 




■ccordion, the coocertiita, uuj the hamkoDica. In thceo 
iiijUiimeiits h is not the Tibrattoas of the reed itself 
which, imp«rted to the air, and transmitted through it to 
oQi organs of hearing, ptidDce the made ; the f Qii<:tiob of 
tlie reed is etmttrueUve, not generative ; it moulds into a 
series of difioontinooos -paSs that which without it would 
bti a continaotifi conent of air. 

Reeds, if associated with organ-^ ipes, sometimes oonn 
mand, and ue Bometimes commandeil bv, the Tibrationa 
of the column of air. When they are stiff they nile the 
coluom ; when they are flexible the column rules them. 
In the former case, to derive any advantage from the air- 
L-olunm, its length ought to be so r^;ulated that either its 
fundamental tone or one of its oTertonee ehall correspond 
to the rate of vibration of the reed. The metal reed 
commonly employed iu oigan-plpes \& shown in Fig. 104, a 
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and B, Iwili in jierspecti ve and in ecetii'ii. It consists of a 
long and flexible strip of metal, v v, placed iu a rectangii- 
f liar oritice, through which the current of air enters the 
pipe. The maimer in which the reed and pipe are assod- 
aled is bIiowti in Fig. 105. The front, ft c, of the space 
containing the fiexible tongue is of glass, so that you may 
see the tongue within it. A conical pipe, a b, siirmounta 
the reed.' The wire to i, diovrn pressing against the reed, 

' The clear illustrntiona of organ-pipe* and reeda lnlro'luLT(l liprp, add 
■tp.Sn.l'ive been aubiUntiallj eo[ncJ from Ihu cieellenl noik of IIpIiii 



ie etni»loyed tu lengthen or shorten it, and thus to vary witli- 
in certain limits ita rate oi vibration. At one time in the 
practice of muBie the reed closed the aperture by simply 
Pin 10.1 falling against its sides; every stroke ot 

the reed produced a tap, and these linked 
themselves together to an unpleasant, 
S(;reaming sound, which materially in- 
jured that of the associated organ-pipe. 
This was mitigated, but not removed, by 
permitting the reed to strike against soft 
leather ; but the reed now employed is 
the Jree reed, which vibrates to and fro 
between the sides of the aperture, al- 
most, but not quite, filling it. In this 
way the unpleasantness referred to is 
avoided. When reed and pipe synchro- 
nize perfectly, the sound is most pure and 
forcible; a certain latitude, however, 
is possible on both sides of perfect syn- 
chronism. But if the discordance be 
pushed too far, the pipe ceases to be of 
any use. We tlien obtain the sound due 
to the vibrations of the reed alone. 

Flexible wooden reeds, which can 
accommodate themselves to the require- 
ments of tlie pipes above them, are aino 
employed in organ-pipes. Perhaps the 
simplest illustration of the action of the 
reed commanded by its aerial eolmnn is 
furnished by a common wheaten straw. 
At about an inch from a knot, at r, I bnry 
my penknife in this straw, s r', Fig. 106, to a depth of about 
one-fourth of the straw's diameter, and, turning the blade 
flat, pass it upward toward the knot, thus raising a atrip 
holu. nprs opening niib blngea, bo aa to aliow Iheir inner piLrta, were Bhown 




REED-PIPES, 

of t]io straw nearly an inch in length. This Btrip, r r', ib 
to be our reed, and the etraw itself is to be our pipe. It 
ia now eight inches long. When blown into, it emits tUia 
decidedly musical sound. When cut so as to make its 
length six inches, the pitch is higher; with a length of 
four inches, the pitch is higher still; and with a length 
of two inches, the sound ia very shrill indeed. In these 
experiments the reed was compelled to accommodate it- 
self throughont to the reiiuirementB of the vibrating 
column of air. 

The ckrionet is a reed-pipe. It has a single broad 
tongue, with which a long, cylindrical tube is associated. 
The reed-end of the instrument ia grasped by the lips, and 
by their pressure the slit between the reed and its frarat 
is narrowed to the required extent. The overtones of a 
clarionet are different from those of a flute. A flute ia an 
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open pipe, a clarionet a stopped one, t!ie end at which the 
reed is placed answering to the closed end of the pi[>B, 
The tones of a flute follow the order of the natural num- 
bers, 1, 2, 3, 4, etc., or of the even numbers, 2, 4, 6, 8, 
etc.; while the tones of a clftrionet follow the order of the 
odd Qumbere, 1, 3, 5, 7, etc. The intermediale notes 
are supplied by opening the lateral orifices of the instru 
ment. Sir C, Whealstone was the first to make known 
tliis difference between the flute and clarionet, and his 
results agi-ee with the more thorough investigations of 
Helmholtz. In the hautboy and bassoon we have two 
reeds inclined to each other at a sharp angle, with a slit 
between them, through which the air is urged. The pipe 
of the hautboy is conical, and its overtones arc those of an 
open pipe — different, therefore, from those of a clarionet 
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The pulpy end of a straw of green corn may be split hy 
squeezing it, so as to fonn a double reed of this kind, and 
Buch a straw yields a musical tone. In tlie hom, trumpet, 
and serpent, the performer'B lipa play the part of the reeih 
These inetruments are formed of long, conical tubes, and 
tlieir overtones are those of an open organ-pipe. The 
music of the older instruments of this class was limited to 
their overtones, the particular tone elicited depending on 
the force o£ the blast and the tension of the lips. It is 
now usual to fill the gaps between the suecessive uvertonea 
by means of keys, which enable the perfonner to vary the 
length of the vibrating column of air, 

§ 16. 2^ Voice.  

The most perfect of reed instruments is the organ of 
voice. The vocal organ in man is placed at the top of the 
trachea or windpipe, the head of which is adjusted for the 
attachment of certain elastic bands which almost close the 
aperture. When the air is forced from the longs through 
the slit which separates these vocal chords, they are 
thrown into vibration ; by varying their tension, the rate 
of vibration is varied, and the sound changed in pitch. 
The vibrations of the vocal chords are practically unafl■ec^ 
ed by the resonance of the mouth, though we shall after- 
ward learn that this resonance, by reenforcing one or the 
other of. the tones of the vocal chords, influences in a 
stnldng manner the quality of the voice. The sweetness 
and smoothness of the voice depend on the perfect closure 
of the slit of the glottis at regular intervals during tho 
vibration. 

The vocal chords may be illuminated and viewed is 8 

mirror, placed suitably at the back of the mouth. Varied 

experiments of tliis kind have been executed by Sig. 

Garcia." I once sought to project the larynx of M. 

' I owe it to IhLa cmitivDt trtidC to dirpci atUatiou to liis eiperimeDlii 





Czerraak upon a screen in this room, but witli only partiiil 

Bwcceaa. The organ may, however, be viewed directly in 

the laryngoscope; its motiona, in einging, speaking, and 

coughing, being strikingly visible. It is represented at 

rest in Fig. 1U7. The roughiiees of the voice in colds is 

due, according to llelmholtz, to mucous floccull, which 

get into the slit of the glottis, and which are seen by 

means of the laryngoscope. The squeaking falsetto voice, 

with which some persons are atHicted, llelmholtz thinks, 

may be produced by the drawing aside of the mucous 

layer wliich ordinarily lies under 

and loads the vocal chords. Their 

edges thus become sliarper and 

their weight less; while, their 

elasticity remaining the same, 

they are shaken into more rapid 

tremors. The promptness and 

accuracy with which the vocal 

chorda can change their tension, 

their form, and the width of the 

slit between them, to which inust 

be added the elective resonance 

of the cavity of the mouth, render the voice the most 

perfect of musical instruments. 

The celebrated comparative anatomist, John Mullcr, 
imitated the action of the vocal chords by means of bande 
of India-rubber. He closed the open end of a glass tube 
by two strips of this substance, leaving a slit between 
them. On urging air through the slit, the bands were 
thrown into vibration, and a musical tone produced. 
Helmholtz recommends the form shown in Fig. 108, where 
the tul>e, instead of ending in a section at right angles 
to its axis, terminates in two oblique sections, over wliich 
oomniunicated to the Rnyai Socit 
PkiloKphieal Magaiitu for ISBS, v 
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tlie bands of Iinlia-rubber are drawn. The essicBt mfwla 

of obtaining sounds from reeds of this cliaracter Js to 

Fio. ice. roll round tlie end of a glass 

tiibeastripof tbin India-rubber, 




leaving about an incb of tbo 



substance projecting beyond tho 
end of the tube. Taking two 
opposite porliona of the project- 
ing rubber in the fingers, and 
Btretching it, a slit is formed, 
tlie blowing through which pro- 
duces a musical sound, which varies in pitch, as the sides 
of the slit vary in tension. 

g 17. Vowel Sounds. 

The fiirmation of the vowel sounds of the human voice 
excited long ago philosophic inquiry. We can distinguish 
ono vowel sound from another, while assigning to both 
tlie same pitch and intensity. What, then, is the quality 
wiiich renders the distinction possible? In the year 1779 
this was made a prize question by the Academy of St. 
Petersburg, and Kratzenstein gained the prize for the 
saccessful manner in which he imitated the vowel sounds 
by mechanical arrangements. At the same time Von 
Kempelen, of Vienna, made similar and more elaborate 
experiments. The question was subsequently taken up 
by Mr. Willis, who succeeded beyond all his predeceasora 
in the experimental treatment of the subject. The true 
theoiy of vowel sounds was first stated by Sir. C. Wlieat 
stone, and quite recently they have been made the subject 
of exhaustive inquiry by Helmholtz. Yon will find little 
difficulty in compi'eliending their origin. 

Mounted on the acoustic bellows, without any pipe 
associated with it, when air is urged througli ita orifice, 
a free rood speaks in this forcible manner. When HpoD 
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the frame of the reed a pyramidal pipe u fixed, you notice 
k change in the somid ; aud by pushing my flat liand over 
the open end of the pipe, the similarity between the 
Bound produced and that of the hiunan voice is nnmt&- 
tafcable, Ilolding the pahn of tlie hand over the end of 
the pipe so as to close it altogether, and then raising the 
hand twice in quick succession, the word "mamma" is 
heard as plainly aa if it were uttered by an infant. For 
this pjTamidnl tube I now substitute a shorter one, 
and with it make the same experiment. The " mamma " 
now heard is exactly such as would be uttered by a child 
with a stopped nose. Thus, by associating with a vi- 
brating reed a suitable pipe, we can impart to the sound 
the qualities of the human voice. 

In the organ of voice, the reed is formed by the vocal 
chords, and associated with this reed is the resonant cavity 
of the moutb, which can so alter its eliape aa to resoimd, 
at will, either to the fundamental tone of the vocal chords 
or to any of their overtones. With the aid of the 
mouth, therefore, we can m-ix together the fundamental 
tone and the overtones of the voice in different propor- 
tione. Different vowel sounds are due to diiferent ad- 
mixtures of this kind. Striking one of this series of 
tuning-forks, and placing it before my mouth, I adjust 
the size of that cavity until it resounds forcibly to the 
fork. Then, without altering in the least the shape or 
size of my moutb, I urge air through the glottis. Tlie 
vowel sound " u " {oo in hoop) is produced, and no other, I 
strike anothei- fork, and, placing it in front of the mouth, 
adjust the cavity to resonance. Then remo^Hng the fork 
and urging air through the glottis, the vowel sound " o," 
and it only, is heard. I strike a thii-d fork, adjust my 
month to it, and then urge air through the larynx ; the 
vowel sound ah ! and no other, is heard. In all these cases 
Uie vocal chonls hiivc been in the same consNint condition. 



The; hate generated throngboat the same fQndameDtal 
tone snd the nnie overtones, tlie changes of sotmd which 
you have heard being due solely to the fact tliat different 
tonea ia the different (ases were reenforced hy the reso 
nanoe of the rnoath. Donders first proved that the month 
rtntonnded differentlj for the different vowels. 

Iti the formation of the different vowel sonnds tlie 
reaontint cjivity of the mouth nndergoee, according to 
Uelmholtz, the following changes; 

For the production of the sound " u " {oo in hoop), 
the lipa must be pushed forward, so as to make the cavity 
of the month aa deep as possible, and the orifice of the 
tnonth, by the contraction of the lips, as small as possible. 
This arrangement corresponds to the deepest resonance of 
which the mouth is capable. The fundamental tone itself 
of the vocal chords is here reenforced, wliile the higher 
tones retreat. 

The vowel " o " i-eriuires a somewhat wider opening of 
the mouth. Tlie overtones which lie in the neighborhood 
of the middle b of tlie soprano come out strongly in the 
case of this vowel. 

When " All " is sounded, the mouth assumes the shape 
of a funnel, widening outward. It is thus tuned to a 
note an octave higher than in the case of the vowel " o." 
Sence, in sounding "Ah," those overtones are most 
Btrengthened which lie near the higher I of the soprano. 
As the mouth is in this cose wide open, all the other over- 
tfjiies aru also heard, though feebly. 

In sounding "a" and "e," the hinder part of the 
month ia deepened, while the front of the tongue rises 
tguinst the gmns and fonnsatnhe; this yields a higher 
resonance-tono, risinj; gradually from " a" to "e," while 
the hinder hollow sjmce yields a lower resonance-tone, which 
U (ioepest when " b " is sounded. 

ThoBB examples surficiently illuBtrata the subject of 
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fowel BouudB. We may blend in various ways the elemen- 
tury tints of the solar epeetnim, producing inniiiiierable 
composite colors bj their admixture. Out of violet and 
red we produce pnrple, and out of yellow and blue we 
produce white Tliiis also may elementary Bounds be 
blended so as lo jtroduce all possible varieties of claug- 
lint. After having resolved the hnman voice into its 
constituent tones, Uelmholtz waa able to imitate these 
tones by tuning-forks, and, by combining them appro- . 
priately together, to produce the sounds of all tbe vgweU. 

§ 18. Sundt a Experiments: New Modes of determining ' 
Velocity of Sound. 
Unwilling to iaterrupl tbo continuity of our rcasoninga 
and experiments on tbe sound of organ-pipes, and their 
relations to the vibrations of solid rods, I have reserved 
for the conclusion of this discourse some retlections and 
experiments which, in strictness, belong to an earlier 
portion of the chapter. You have already heard the 
tones, and made yourselves acquainted with tbe varioua 
modes of division of a glass tube, free at both ende, 
when thrown into longitudinal vibration. When it 
sounds its fundamental tone, you hnow that the two 
halves of such a tube lengthen and shorten in quick 
alternation. K tbe tube were stopped at its ends, 
the closed extremities would throw the air within the 
tube into a state of vibration ; and if the velocity of 
Bonnd in air were equal to its velocity in glass, the air of 
tbe tube would vibrate in synchronism with tbo tube 
itself. But the velocity of sound in air is far less than 
its velocity in glass, and hence, if tbe column of air is to 
synchronize with the vibrations of the tube, it can only do 
BO by dividing itself into vibrating segments of a siutable 
length. In an investigation of great interest, recently 
published in Poggendorff's Annalen, M. Kundt, of Berlin. 
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has taught us liow these segments may be rendcreii visiile. 
Into this eix-foot tube is introduc-ed the light powder of 
lycopodiura, being shaken all over the interior surface. A 
auiall quantity of the powder clings to that surface. Stop- 
ping the ends of the tube, holding its centre by a fixed 
clam}), and sweeping a wet cloth briskly over oue of its 
halves, instantly the powder, which a moment ago clnng 
to iM interior surface, falls to the hottoin of the tube in 
the foiTus shown in Fig. 109, the arrangement of the lyeo- 






podium marking the manner in which the column of air 
iias been divided. Every node here is encircled by a ring 
of dust, while from node to node the dust arranges itself 
in transverse streaks along the ventral segments. 

You wiJl Iiave little difficulty in seeing that we perform 
here, with air, substantially the same e.xpeiiment as that 
of M, Mclde with a vibrating string. "When the string was 
too long to vibrate as a whole, it met the requirements of 
the tuning-fork to which it was atl.iched by dividing 
into ventral segments. Now, in all cases, the length 
from a node to its next neighbor is half that of the 
sonorous wave : how many euch half-wavea then have we 
in our tube in the present instance t Sixteen (the figure 
yhowB only four of them). Hut the length of our glass 
tube vibrating thus longitudinally is also half that of the 
sonorous wave in glass, llence, in the case before us, 
with the same rate of vibration, the length of the semi- 
wave in glass is sixteen times the length of the semi-wave 
in air. In other words, the velocity of sound in glass is 
sixteen times its velocity in air. Thus, by a single sweep of 
the wet rubber, we solve a most importAUt problem. But, ss 




M. Kundt has shown, we need not confine ourselves to air. 
Introducuig any other gas into the tube, a Bingte stroke of 
our wet cloth enables us to determine the relative velocity 
of sound in that gas and in glass. When hydrogen is 
introduced, the number of ventral segments is leas than 
in air; when carbonic acid is introduced, the number ia 
graft ter. 

From the known velocity of sound in air, coupled with 
the length of .one of these dust segments, we can imme- 
diately deduce the number of vibrations executed in a 
second by the tube itself. Clasping a glass tube at its cen- 
tre and drawing my wetted cloth over one of its halves, I 
elicit this shrill note. The length of every dust segment, 
now witliin the tube, is 3 incIieB. Hence the length of 
the aerial sonorous wave corresponding to this note is 6 
inches. But the velocity of sound in air of our present 
temperature is 1,120 feet per second; a distance which 
would embi-ace 2,240 of our sonorous waves. This num- 
ber, therefore, expresses the number of vibrations per 
second executed by the glass tube now before ua. 

Instead of damping the centre of the tube, and making 
it a nodal point, we may employ any other of its subdi- 
visions. Laying hold of it, for example, at a point mid- 
way between its centre and one of its ends, and rubbing 
it property, it divides into three vibrating parts, separattd 
by two nodes. We know that in this division the note 
elicited is the octave of that heard when a single node is 
formed at the middle of the tube; for the vibrations are 
twice aa rapid. If, therefore, we divide the tube, having 
sir within it, by two nodes instead of one, the number of 
ventral segmenta revealed by the lyeopodiura dust will bo 
thirty-two instead of sixteen. The same remai'k applies, 
of course, to all other gases. 

Filling a series of four tubes with air, carbonic acid, 
coal-gas, and hydrogen, and then rubbing each so as to 



produce two nodes, M. Kiindt found tlie number of dust 
eegments formed within the tube in tlie respective casea 
to be as follows : 

Air . . . S2 dual Begmtnts, 

Curhonio add . . 40 " 

CoflJ-gna ... SO " 

njdrogen . . 9 " 

Calling the velocity in air unity, the following fraoj 
tions exproBs the ratio of this yelocity to those in the oth 



HTdrogen — = 3-56 

Eeferring to a table introduced in our tirst diapter, we 
learn that Dulong by a totally different mode of experi- 
ment found the velocity in carbonic acid to be 0-86, and 
in hydrogen 3"S times the velocity in air. The results of 
Dulong were deduced from the sounds of organ-pipes filled 
with the various gaaes ; but here, by a process of the ut- 
most simplicity, we arrive at a close approximation to his 
results. Dusting the interior surfaces of our tubes, filling 
them with the proper gases, and sealing their ends, they 
may be preserved for an indefinite time. By properly 
shaking one of them at any moment, its inner eurfaee 
becomes thinly coated with the dust; and afterward a 
single stroke of the wet cloth produces the division from 
which the veloaity of sound in the gas may be immediately 
inferi'ed. 

Savart found that a spiral nodal line is formed round 
a tube or rod when it vibrates longitudinally, and Seebcck 
showed that this line was produced, not by longitudinal, but 
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by secondary transverse vitiratioiiB. Now this spiral 
line tcuds to complicate the division of tho dnst r, 
in onr present experimeuts. It is, therefore, de- 
sirable to operate in a manner which shall alto- 
gether avoid the formation of this line ; M. Kimdt 
has accomplished this, bj exciting the longitudinal 
vibrations in one tube, and producing the division 
jnto ventral segments in another, into which the 
first fits lite a piston. Before jou is a tube of 
glass, Fig, 110, seven feet long, and two inches 
internal diameter. One end of this tube ia filled 
by the movable stopper b. The other end, s. k, 
is also stopped by a cork, through the centre of 
which passes the narrower tube, a a, which is 
firmly clasped at its middle by tho cork, k k. 
The end of the interior tube, a a, is also dosed 
with a projecting stopper, a, almost sufficient to 
fill the larger tube, but etill fitting into it so loose- 
ly that the friction of a against the interior sur- 
face is too filigbt to interfere practically with its 
vibrations, Tlie interior surface between a and 
b being hghtly coated with the lycopodiiim dust, 
a wet cloth is passed briskly over a k ; inslantly 
the dust between a and b divides into a number 
of ventral segments. When the length of the 
eohimn of air, a S, is equal to that of the glass 
tube, A a, the number of ventral segments is six- 
teen. When, as in the figure, a i is only one-half 
the length of a a, the number of ventral segments 
is eight. 

But here you must perceive that the method 
of experiment is capable of great extension. In- 
stead of the glass tube, a a, we may employ a 
rod of any other solid substance — of wood or 
metal, for example, and thus determine Ihe reU 



fttive velocity of sound in the solid and in Air. In the 
place of tlie glass tube, for example, a rod of braes of 
equal length may be employed. Eabbing its extemal 
balf by a resined cloth, it dividcB the column a h into the 
number of ventral segments proper to the metal's rate of 
vibrations. In this way M. Kiindt operated with brafis, 
steel, glass, and copper, and his results prove the method 
to be capable of great accuracy. Calling, as before, the 
velocity of sound in air unity, the following numbers ex- 
pressive of the rntio of the velocity of sound in brass to 
its velocity in air were obtained in three different series of 
experiments : ^_ 

1st eiperiajFDt . . . . lirST ^H 

Slid eiperimeul I'>a7 

3rd experiment In 6C 

The coincidence is here extraordinary. To iilusrrate 
the possible accuracy of the method, the length of the 
individual duBt segments was measured. In a series of 
twenty-seven experiments, this length was found to vary 
between 43 and 44 millimetres (each millimetre -^th of 
an inch), never rising so high as the latter, and never fall- 
ing so low as the former. The length of the metal rod, 
compared with that of one of the segments capable of 
this accurate measurement, gives ua at once the velo- 
city of sound in the metal, as compared with its velocity 
in air. 

Three distinct experiments, performed in the same man- 
ner on steel, gave the following velocities, the velocity 
llirongh air, as before, being regarded as unity : 



lal ciperimeDt .... IG-84 

2ntl experiment lfi-3S 

3rd eiptrimcnt . . . ID 34 

Here the coincidence is quite ae pei-fect as ii 
of brass. 
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In glaas, by tide uew mode of experiment, tlie velocity A 
«ae found to be 



Filially, in copper tlie vcloeitj was found to I 



These results agree extremely well with those obtained ' 
by other methods. Wertheim, for example, found the 
velocity of sound in steel wij-e to be 15'108 ; M. Kuudt 
. tinds it to be 15-3i : Wertheiin also found the velocity in 
copper to be HIT j M. Kundt finds it to be 11-96. The 
diflerences are not greater than might be produced by 
differeuees iu the materials employed by the two experi- 
menters. 

The length of the aerial column may or may not be an 
exact multiple of the wave-Iengtb, correspondiug to the 
rod's rate of vibration. If not, the doBt segments usually 
take the form shown in Fig. 111. But if, by means of the 

Fu. 111. 

stopper, b, the column of air be made an exact multiple 
of the wave-length, then the dust quits the vibrating seg- 
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ments altogether, and forms, as in Fig. 112, little isolated 
heaps at the nodes. 

' TLe TelfwU; in gliUB varies witb the qiuUtj ; Ibe nsult of each expert. 
meni bu Ilicrefore reference oalj to the paKlcul&r kind of f\ttB einplojcd m 



§ 19. Explanation of a Dijjiculty. 

And liere a difficulty preaente iteelf. The stopped e 
6 of the tube Fig. 110 ia, of course, s, place of no vibration, 
whom in all caecB a nodal dust-heap is formed ; but, when- 
ever the coluniu of air was an exact multiple of the wave- 
leogth, M. Kundt always found a dust-heap close to the 
end a of the vibrating rod also. Thus the point fi-om 
which all the vibration emanated seemed itself to be a 
place of no vibration. 

This difficulty was pointed out by M. Kundt, but be 
did not attempt its solution. We are now in a condition 
to explain it. In Lecture III. it was remarked that in 
rtrictnesa a node is not a place of no vibration ; that it is 
a place of minimum vibration ; and that by the addition 
of the minute pulses which the uode permits, vibratioue 
of vast amplitude may be pi-oduced. The ends of M. 
Kuudt's tube are such poiuts of minimum motion, the 
lengths of the vibrating segments being such that, by the 
coalescence of direct and reflected pulses, the air at a dis- 
tance of half a ventral segment from the end of the lul>e 
vibrates nmch more vigorously than that at the end of the 
tube itself. This addition of impulses is more perfect when 
the aerial column is an e:uict multiple of the wave-length, 
and hence it is that, in this case, the vibrations become 
Buffieiently intense to sweep the dust aitogetlier away from 
the vibrating segments. The same ]>oint is illustrated by 
M. Melde's tuning-forks, which, though they are the 
Bonrces of all the motion, are themselves nodes. 

An experiment of Helmholtz's is bare capable of in- 
structive application. Upon the string of the sonometer 
described in our third lecture I place the iron stem of this 
tuning-fork, which executes 512 complete vibrations in a 
second. At present you hear no augmentation of tho 
Bound of the fork ; the string remains quiescent. But on 
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moving the fco-k along the string, at the iiumber 33, a 
loud, Bwelling note isfiuea from the Btring. At this par- 
ticular tension the length 33 exactly Bynchronizea with 
the vibrations of the fork. By the intermediation of tlie 
string, therefore, the fork is enabled to transfer its motion 
to the sonometer, and through it to the air. The sound 
continues as long as the fork vibrates, but the least move- 
ment to the right or to the left from this point causes a 
sudden fall of the sound. Tightening the string, the note 
disappears; for it requires a greater length of this naore 
highly tensioned string to respond to the fork. But, on 
moving the fork further away, at the number 36 tlie note 
again bursts forth. Tightening still more, 40 is found to 
be the point of maximum power. When the string is 
slackened, it must, of course, be shortened in ofder to muke 
it respond to the fork. Movi^ig the fork now toward the 
end of the string, at the number 25 the note is found as 
before. Again, shifting tlie fork to 35, nothing is heard ; 
but, by the cautious turning of the key, the point of syn- 
chronism, if I may use the term, is moved further from the 
end of the Btring, It finally reaches the fork, and at that 
moment a clear, fuM note issues from the sonometer. In 
all cases, before tlie exact point is attained, and imme- 
diately in its vicinity, we hear " beats," which, as we shall 
afterward understand, are due to the coalescence of the 
Bonnd of the fork with that of the string, when they are 
nearly, but not quite, in unison with each otlier. 

In these experiments, though the fork was the source 
of all the motion, the point an. which it reded was a nodiil 
paint. It constituted the comparatively fixed extremity 
of the wire, whose vibnitions synchronized with those of 
the fork. Tlie case is exnctty analogous to that of the 
band holding the India-rubber tube, and to the tuning- 
fork in the experiments of M. Melde. It is also an effect 
pfHcisely the same in kind as that observed by M. Kundt, 




tlte tones of a rod fixed at both ends follow tlie order of 
the odd numbers 1, 3, 5, T, etc., the tones of a rod freo at 
both ends follow tlie order of the even numbere 2, i, 6, S, 



At the points of maximum vibration the rod suffers no 
change of density; at the nodes, on the contrary, the 
changes of density reach a maximum. This may be 
proved by the action of the rod upon polarized light. 

Columns of air of definite length resound to tuning- 
forks of definite rates of vibration. 

The length of a. tube filled with air, and closed at one 
end, which resounds to a fork is one-fourth of the length 
of the sonorous wave produced by the fork. 

This resouance is due to the aynclironism which exists 
between the vibrating period of the fork and that of the 
column of air. 

By blowing across the mouth of a tube closed at one 
end, we produce a flutter of the air, and some pulse of thia 
flutter may he raised by the resonance of the tube to a 
musical sound. 

The sound is the same as that obtained when a tuning- 
fork, whose rate of vibration is that of the tube, is placed 
over the mouth of the tube. 

When a tube closed at one end — a stopped organ-pipe, 
for example — sounds its lowest note, the column of air 
witliin it is undivided by a nofle. The overtones of such 
a column correspond to its division into parts, like thosfl 
of a rod fixed at one end and vibrating longitudinally. 
The order of its tones is that of the odd numbers, 1, 3, 5, 
7, etc. That this must be the order follows from the 
manner in which the column is divided. 

In organ-pipes the air is agitated by causiug it to issue 
from a narrow slit, and to strike upon a cutting odge. 
8"me pulse of the flutter thus produced is raised by th« 
resonance of the pipe to a musical sound. 
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When, instead of the aerial flutter, a tuning-fork of 
the proper rate of Tibration is pWed at tlie euiboneliure 
of an oi^'iiu-pipe, tlie pipe speaks in i-esponse to the fork. 
In practice, the organ-pipe virtually ci-eateB its own tun- 
ing-fork, by comj>eIling the sheet of air at its embouchure 
to vibrate in periods synchronous with its own. 

An open organ-pipe yields a note an octave higher 
than that of a closed pipe of the same length. This rela- 
tion is a necessaiy consequence of the respective modes of 
vibration. 

When, for example, a stopped organ-pipe sounds it& 
deepest note, the column of air, as already explained, is 
undivided. When an open pipe sounds its deepest uole, 
die column is divided by a node at its centre. The open 
pipe in this case virtually consists of two stopped pipes 
with a common base. Hence it is plain that the funda- 
mental note of an open pipe must be the same as that of 
a stopped pipe of half its length. 

The length of a stopped pipe is one-fourth that of the 
sonorous wave which it produces, wlule the length of an 
open pipe is one-half that of its sonomua wave. 

The order of the tones of an open pipe is that of the 
even numbers 2, 4, 6, S, etc., or of the natural numbers 
1, 2, 3, 4, etc. 

In both stopped and open pipes the nnmber of vibra- 
tions executed in a given time is inversely proportional to 
the length of the pipe. 

The places of maximum vibration in organ-pipes are 
places of minimum changes of density ; while at the 
places of minimmn vibnttion the changes of density roach 
B maximutu. 

The velocities of sound in gases, liquids, and solids, 
may be inferred from the tones which equal lengths o( 
them produce ; or they may be inferred from the length? 
of these siibstjinces which yield cipial tones. 



842 SOUND. 

Heeds, or vibrating tongues, are often assoc-iatwl witli 
Fibratiug columns of air, Thej consist of flexJljle lamiiue, 
which vibrate to and fro in s rectangular orifice, thus 
rendering intermittent the air-cnrrent passing through the 
orifice. 

The action of the reed is the same as that of the 
siren. 

The flexible wooden reeds sometimes associated with 
oi^n-pipes are compelled to vibrate in unison with the 
colamn of air in the pipe ; other reeds are too stiff to be 
thus controlled by the vibrating air. In this latter case 
the column of air is taken of such a length that its vibra 
tions synchronize with those of tlie i-ocd. 

By as8ot:iating suitable pipes n^ith reeds we impart to 
their tones the qualities of the human voice. 

The vocal organ in man is a reed insti-ument, the 
vibrating reed in this case being elastic bands placed at 
tlie top of the trachea, and capable of various degrees of 
tension. 

The rate of vibration of these vocal chords is practi- 
cally uninfluenced by the resonance of the mouth ; but 
the moutli, by changing its shape, can be caused to resound 
to the fundamental tone, or to any of the overtones of the 
vocal chords. 

By the strengthening of particular tones through the 
resonance of the month, the clang-tint of the voice is 
altered. 

The different vowel-sounds are produced by different 
admixtures of the fundamental tone and the overtones of 
the vocal chords. 

Wlien the solid substance of a tnbe stopped at one, or 
at both ends, is caused to vibrate longitudinally, the air 
within it is also thrown into vibration. 

By covering the interior surface of Uie tube witli a 
light powder, the manner in which the afirial column di 




videa itflelf may be rendered apparent. From the divis- 
ion of the column tiie velocity of Bonnd in tlie substanee 
of the tube, compared with its velocity in air, may be in^ 
ferred. 

Other gasee may be employed instead of air, and the 
relocity of sound in these gases, compared with its velodtii 
in the substance of the tube, may be determined. 

The end of a rod vibrating longitudinally may U- 
caused to agitate a column of air contained in a tube, com- 
pelling the air to divide itself into ventral segments. 
These segments may be rendered visible by light powders, 
and from thera the velocity of sound in the substance of 
the vibrating rod, compared with ita velocity in air, may 
be inferred. 

In this way the relative velocities of soimd in all solid 
enbstances capable of being formed into rods, and of vi- 
brating longitudinally, may be determined. 
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g 1. Rh'jlhm of Friction : Musical Flow of a Liqnhl 
through a Small Aperture. 
FaiOTON IB always rLj'tliinic. Wlien a resiiied bow 
is paesed acroBB a etring, the tension of the string se- 
cures the perfect rhythm of the friction. When tlie 
wetted tinger is moved round the edge of a glass, tho 
breaking up of the friction into rhythmic pulses expresse.-^ 
itself in music. Savart's beautiful experiments on the 
flow of liquids through small orifices bear immediately 
upon this question. We have here the means of verifying 
Ills results. The tube a b, I-'ig. 113, is filled with water, 
its extremity, B, being closed by a plate of brass, which is 
pierced by a circular orifice of a diameter equal to the 
thickness of the plate. Removing a little peg which stops 
the orifice, the water issues from it, and as it sinks in the 
tnhe a musical note of great sweetncea issues from the 
liquid column. This uole is liue to tlie intermittent flow 
of the liquid llirotigli rhe orifice, by wliidi the whole column 
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kbove it IB thrown iuto vibration, Tlie tendeney to tliia 
offect shows itself when tea is poured from a teapot, in the 
circular ripplea that cover the falling liquid. The same 
iutermitteuce is observed in the black, dense smoke wJiicli 
rolls in rhj-thmic rings from the funnel of a steamer. TIio 
unpleasant noise of unoiled machinery is also a declaration 
of the fact that the friction is not uniform, but is due to 
the alternate " bite " and release of ^ 

the rubbing eorfaces. 

Where gaeea are concerned fric- 
tion is of the same intermittent 
character. A rifle-bullet sings in its 
passage through the air; while to the 
nibbing of the wind against the boles 
and branches of the ti-ces arc to be 
ascribed the " waterfall tones " of an 
agitated pine-wood. Pass a steadily- 
burning candle rapidly through the 
air; an indented band of light, de- 
claring interraittence, is nften the 
consequence, while the almost musi- 
cal sound which accompanies the ap- 
pearance of this band is the audible 
expression of the rhythm. On the 
other hand, if you blow gently , 
against a candle-fliimo, the fluttering 
noise announces a rhythmic action. 
We have already learned what can be done when a pipe is 
Qjsociated wiih such a flutter; we have learned that the 
pipe selects a special piitse from the flutter, and raises it 
hy resonance to a nnisical sound. In a similar manner 
the noise of a flume may he turned to account. The blow- 
l>i[je flame of our labor.itory, for example, when inclosed 
within an appropriate tube, has its flatter raised to a roor. 
The fijtecial pulse first selectc! K"ori reacts ui.>on the flume 
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SO as to abolish in a great degree the other piiidee, coin- 
lielling the tlame to vibrate io periods answering to the 
seleutiid one. And this reaction can become so powerfiil — 
the timed shock of the retlected pulses may atjcumulate to 
siicli au extent — aa to beat the flame, even when very large, 
into extinction. 

§ 2. Musical Flames. ^| 

Nor is it necessaiy to produce this flutter by any extra- 
neous means. When a gas-flame ia simply inclosed within 
a tube, the passage of the air over it is usually sufficient 
to produce the necessary rhythmic action, so as to cause the 
flame to burst spontaneously into song. This flame-music 
may be rendered exceedingly intense. Over a flame issu- 
ing from a ring burner with twenty-eight orifices, I place 
a tin tube, 5 feet long, and 3J inches in diameter. The 
flame flutters at first, but it soon chastens its impulses 
into perfect periodicity, and a deep and clear musical tone 
is the result. By lowering the gas the note now sounded 
is caused to cease, but, after a momentary interval of 
silence, another note, which is the octave of the last, JH 
yielded by the flame. The flret note was the fundamental 
note of the surrounding tube; this second note is its first 
harmonic. Here, as in the case of open organ-pipes, we 
have the aerial column dividing itself into vibrating seg- 
'iicnts, separated from each other by nodes. 

A still more striking effect is obtained with this larger 
iiibe, a b. Fig, 114, 15 feet long, and 4 inches wide, which 
wiia made for a totally different purpose. It is supported 
by a steady stand, « «', and into it is lifted the tall burner, 
shown enlarged at b. You hear the incipient flutter: 
you now hear the more powerful sound. As the flame is 
lifted higher the action becomes more violent, until finally 
a storm of music issues from the tube. And now all has 
auddeuly ceased; the reaction of its own pulses upon 
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tlie flame has beaten it into extiaction. I 
relight the flame and make it very small. 
When raised within the tube, the flame 
again sings, but it ie one of the barmouica 
of the tube that you now hear. On turn- 
ing the gaa fully on, the note ceases — all 
is silent for a moment; but the storm ia 
brewing, and soon it bursts forth, as at 
first, in a kind of hurricane of sound. 
By lowering the flame the fundamental 
note is abolished, and now you liear the 
first harmonic of the tube. Waking the 
flume still smaller, the first harmonic dis- 
ajjpeara, and the second is heard. Tour 
ears being disciplined to the apprehension 
of these sounds, I turn the gas once more 
fuUy on. Mingling with the deepest note 
you ncitiee the harmonica, as if struggling 
to be heard amid the general uproar of 
the flame. With a large Bunsen's rose 
burnei', the sound of this 
tube becomes powerful 
enough to shake the floor 
and seats, and the large 
audience that occupies 
the seats of this room, 
wliile the extinction of 
tlic flame, by the re- 
liction of the sonorooa 
pulses, announces itself 
i.yanesplosion almost aa 
loud as a pistol-shot. It 
mnst occur to you that a 
chimney ia a lube of this 
kind upon a larj^ scidt;. 
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and that the roar of a liaiue in a chimne; i 
rough attempt at niiisic. 

Let us now pass on to shorter tubes and sniallei 
Sames. Placing tubes of different lengths over eiglil 
Bmall flames, each of tliem starts into eong, and ^ou 
notice that as the tubes lengthen the tones deepen. 
The lengths of those tubes are so chosen that thu^* 
yield in succession the eight uotes of the gamut. 
Round fiome of them you observe a paper slider, 8, Fig. 
F„. lu, 115, by which the tube 

can be lengthened or 
sliortened. If while 
the flame is Eounding 
the slider he raised, the 
pitch instantly falls; 
if lowered, the pitch 
rises. ITiese experi- 
ments prove the flame 
to be governed by the 
tube. By tlie reaction 
of the pulses, reflected 
back upon the flame, 
its flutter is rendered 
perfectly periodic, tlie . 
length of tliat period 
being determined, as 
in the case of organ- 
pipes, by the length of 
the tube. 

Tlio fl\ed stars, es- 
pecially those near the 
horizon, shine vith an 
nnsteady light, sometimes cliniiging color as tlicy twinkle. 
I have often watched at night, upon the plateaux of the 
Alps, the alternate flash of nihy and emenild in the lowei 
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jnd larger atars. If you place a piece of looking-gluBB ao 
that 70a can see in it the image of such a star, on tilting 
the glass ([uickly to and fro, the line of light obtained wiU 
not be continuous, but will form a string of colored lieads 
of extreme beauty. The same effect is obtained when an 
opera-glass is pointed to the star and shaken. This ex- 
periment shows that in the act of twinkling the light 
of the star is quenched at intervals ; the dark spaces 
between the bright beads corresponding to the periods of 
extinction. Now, our singing iiame is a tinkling flame. 
Wlien it begins to sing you observe a certain quivering 
motion which may be analyzed with a luokiog-glass, or 
an opera-glass, as in the ciise of the star." I can now see 
the image of this flame in a small looking-glass. On 
tilting the glass, ho as to canae the image to form a circle 
of light, the luminous band is not seen to be continuous, 
as it would be if the tiame were perfectly steady ; it is 
resolved into a beautiful chain of ilames. Fig. 116. 

§ 3, Reperimeri-tal Ana},>jins of Musical Flame. 
With a larger, brighter, and less rapidly-vibrating 
flame, you may all sec this 
intermittent action. Over this 
gas-flame, y, Fig. 117, is placet! 
a glass tube, a b, 6 feet lonir, 
and 2 inches in diameter. The 
back of the tube is blackened, 
BO as to prevent the light of the 
flame from falling direclly \\^\\\ 
the screen, which it is now de- 
sirable to have as dark as possible. In front of the tube 
is placed a concave mirror, m, which forms n^wn tlie screen 
an enlarged image of the flame. I turn the mirror with 
' This tiiperrment iru Srr' matte with  hrdrogen-DiiDe br ^r C 
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my liaiid and cause the image to pass over the acreea 
Were the flame silent and 810)1(1;, we should obtain a con- 
tinuorts band of ligbtj but it quivers, and emita at tlie 
Bame time a deep and powerful note. On twirling tlie 
Fb. ut. 




mirror, therefore, we obtain, instead of a continuous baud, 
B liirainoiiB chain of images. By fast turning, tliese 
images are drawn more widely apart ; by slow turning, 
they are caused to close up, the chain of flames passing; 
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throng the most besuliful rariatioas. Clasping the 
lower end, b, of the tube with mj hand, I so impede the 
air as to stop the flame's vibration ; a continuous baud is 
the consequence. Observe the suddeunesB with which this 
band breaks np into a rippling Une of images the uioment 
mj' hand is removed, and the current of air is penmtted 
to pass over the flame. 

§ 4. Sata of V^raiion of Flame: Toilet's EeparimenL 
When a small vibrating coal-gas Sume is carefully 
examined bj the rotating mirror, the beaded line is a 
penes of jellow-tipped flames, each resting upon a base of 
the richest blue. In some cases 1 have been tmable to 
observe any union of one Same with another : the spaces 
between the flumes being absolutely dark to the eye. Bnt 
if dark, the ilaine must have been totally extinguished at 
intervals, a residue of heat, however, remaining suflicient 
to reignite the gas. This is at least possible, for gas may 
be ignited bj- non-luminous air,' By means of the siren, 
we can readily determine the numlier of times this flame 
extinguishes and relights itself in h second. As the not« 
of the instrument approaches tliat i.f the flame, imison is 
preceded by these well-known beats, which become gradu- 
ally less rapid, and now the two liotes melt into perfect 
unison, Haiutaining the siren at lliis pitch for a minute, 
at the end of that time I find recorded upon our diala 
1,700 revolutions. But the disk being perforated by 16 
holes, it follows that every revolution corresponds to 16 
pulses.' Multiplying 1,700 by 16, we lind the numlier of 
pulses in a minute to be 37,200. This number of times 
did our little flame extinguish aud rekindle itself during 
the continuance of the experiment ; that is to say, it waa 
put out and relighted 453 times in a second. 
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A tiash of light, tliough install taneous, makes nn ini- 
prcbsion upon the retina wliicb endures for the tenth of a 
second or more. A flying ritle-bullet, iUuminuted l>y a 
single flash of liglitning, would seeiu to stand still in the 
air for the tenth of a second. A black disk with radial 
white strips, when rapidly rotated, causes the white and 
black to blend to an impure gray ; while a spark of elec- 
tricity, or a flafih of lightning, reduces the disk to appar- 
ent stillness, the white radial strips being for a time 
plainly seen. Now, the singing flame is a flashing flame, 
and M. Toepler has shown that by causing a striped disk 
to rotate at the proper speed in the presence of such a 
flame it is brought to apparent stillnesa, the white stiipes 
being rendered plainly visible. The experiment is both 
easy and interesting. «■ 

§ 5. ITaiinon.ic Sounda of Fla/me. ^fk 

A singing flame yields so freely to the pnlBBs falling apaii 
it that it is almost wholly governed by the surrounding 
tube ; almost, but not altogether. The pitch of the note 
depends in some measure upon the size of the flame. 
This is readily proved, by causing two flames to emit the 
same note, and then slightly altering the size of either 
of them. The unison is instantly disturbed by beats. By 
rtltering the size of a flame we can also, as already illus- 
trated, draw forth the harmonic overtones of the tube 
which surrounds it. This experiment is best performeit 
with hydrogen, its combustion being much more vigorous 
tlian that of ordinary gas. When a glass tube 7 feet kmg 
is placed over a large hydrogen-flame, the fundamental 
note of the tube is obtained, con-esponding to a division 
jf the column of air within it by a single node at the 
centre. Placing a second tube, 3 feet fi inches long, over 
the same flame, no musical sound whatever is obtained ; 
the large flame, in fact, is not able to aecommodate 
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.tseif to the vibrating period of the shorter tube. Bui, 
on lessening the flame, it soon bursts into vigoroTis song, 
ita note being the octave ol tliat jHelded by the loiigei 
tube. I now remove the shorter tnbe, and once more 
cover the flame with the longer one. It no longer sounds 
its fundamental notes, but the precise note of the shorter 
tnlie. To accommodate itself to the vibrating period of 
tlie diminished flame, the longer column of air divides 
itself like an open organ-pipe when it j'ields its first har- 
monic. By varj-ing the size of the flame, it ia possible, 
with the tube now before you, to obtain a series of notes 
whose rates of vibration are in the ratio of the numbers 
l;2:3:4r:5; that is to say, the fundamental tone and 
its first four harmonics. 

These sounding flames, though probably never before 
raised to the intensity in which they have been exhibited 
here to-day, are of old standing. In 1777, the sounds of 
a hydrogen-flame were heard by Ur. Iliggins. In 1802, 
they were investigated to some extent by Chladni, who alBo 
refers to an incorrect account of them given by De Liia 
Chladni showed that the tones are those of the open tiiiie 
which surrounds the flame, and he succeeded in obtaining 
the first two harmonics. In lSu2, G. De la liive experi- 
mented on this subject. Placing a little water in the bulb 
of a thermometer, and heating it, he showed that nuiBicul 
tones of force and sweetness could be produced by llie 
periodic condensation of the vapor in the stem of the 
thermometer. He accordingly referred the sounds of 
flames to the alternate expansion and condensation of the 
aqueous vapor produwd by the couihnstion. We can 
i^dily imitate his cxperiiuents. Holding, with its Btcni 
oblique, a thennumeter-bulb containing water in the flame 
of a spint-lamp, the sounds are heard soon after the water 
begias to boil. In 1S18, however, Faraday showed that 
the tones are produced when the tube snrroumiinir ihe 
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tliiinc is placed in air of a temperature Liglior tliaii 101 
C, condenaaliun being then impossible. He also showedfl 
that the tonee could be obtained from flames of carboniC'l 
oxide, where aqncous vapor is entirely out of the questioR/l 



§ 6. Action of Extraneovs Sounds on Flame ; Expe 
m»nia of SchaffgoUch and TyndaU. 

After these experiments, the first novel acoustic ob- 
servation on flames was made in Berlin by the late Conidl 
SchafEgotscb, who sliowed that when an ordinary gas-flana 
was surmounted by a short tube, a strong falsetto voio 
pitched to the note of the tube, or to its higher ootavftJ 
caused the flame to quiver. In some cases when the nowH 
of the tube was high, the flame could even be extinguished 
by the voice. 

In the spring of 1857, this experiment came to my 
notice. No directions were given in the short account 
of the observation published in Poggendm'ff^s Annalen ; 
but, in endeavoring to ascertain the conditions of success, a 
number of singular effects forced themselves upon my at- 
tention. Meanwhile, Count Schaffgotsch also followed up 
the subject. To a gi-eat extent we traveled over tlie same 
ground, neither of us knowing how the other was en- 
gaged; but, so far as the experiments then executed are 
common to us both, to Count Scbaffgotech belongs the 
priority. 

Let me here repeat his first observation. Within thit 
tube, 11 inches long, bums a small gas-flame, bright and 
silent. The note of the tube has been ascertained, and 
now, standing at some distance from the flame, I sound 
that note ; the flame qai/oers. To obtain the extinction 
of the flame it is necessary to employ a burner with a very 
narrow apertui'e, from which the gas issues under consider- 
ahic pressure. On gently sounding the note of the tube 
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snrroiitiding such a flame, it quivers; but on tin-owing 
more power into the voice tlie flame is extinguished, 

Tlie cause of the quivering of the ilame will be best 
revealed bj an experiment with the airen. As the note 
of the airen approaches that of the flame you hear beats, 
and at the eame time you observe a dancing of the HaTiir 
synchronous with the beats. The Jumps succeed eacii 
other more slowly as unison is approat-hed. They cease 
when the unison is perfect, and they begin again as soon 
as the siren is urged beyond unison, becoming more rapid 
as the discordance is increased. The cause of the quiver 
obsei-ved by M. Schailgotsch was revealed to me. The 
flame jumped because the note of the tube surrounding it 
was nearly, but not quite, in imison with the voice of the 
erperimenter. 

That the jumping of the flame proceeds in exact accord- 
ance with the beats is well sliown by a tuning-fork, which 
yields the same note as the flame. Loading such a fork 
with a bit of wax, so as to throw it slightly out of unison, 
and bringing it, when agitated, near the tube in which 
the flame is sing^g, the beats and the leaps of the flame 
occur at the same intervals. When the fork is placed over 
a resonant jar, all of you can hear the beats, and see at 
the same time the dancing of the flame. By changing 
the lo.id upon the tuning-fork, or by slightly altering 
the size of the flame, the rate at wliich the beats succeed 
each other may be altered ; but in all cases the jumps 
address the eye at the moments when the beats address 
the ear. 

While executing these experiments, I noticed that, on 
raising my voice to the proper pitch, a flame which had 
been burning silently in its tube began to sing. The same 
observation had, without my knowledge, Ijeen made a 
short time previously by Count Schaffgotsch. ' A tube, 12 
inches long, is placed ovei this flame, which occupies a 



position about an inch and a half froin the lower end ol 
rbe tube. When the proper note is sounded the flama 
trembles, but it does not sing. When the tube is lowei-ed 
until the Hame is three inches from its end, the Boug ia 
spontaneous. Between these two poaitiona there is a 
[bird, at which, if the Harae be placed, it will born bi- 
lentiy ; but if it be excited by the voice it wil! ang, and 
continue to sing. 

Even when the back is turned toward the flame the 
BonorouH pulses run round the body, reach the tube, and 
call forth tlie song. A pitch-pipe, or any other instrument 
which yields a note of the proper beiglit, produces the 
same effect. Mounting a series of tubes, capable of emit- 
ting all the notes of the gamut, over suitable flames, with 
an iustriiment sufficiently powerful, and from a distance 
of 20 or 30 yards, a musician, by running over the scale, 
might call foiih all the notes in succession, the whole seiies 
of flames finally joining in the song. 

When a silent flame, capable of being excited in the 
manner here described, is looked at in a moving mirror, it 
produces there a continuous band of light. Nothing can 
be uLore beautiful than the sudden breaking up of this 
band into a string of richly-luniiuuua pearls at the instant 
the voice is pitched to the proper note. 

One singing flame may be caused to effect the musical 
ignition of another. Before you are two small flamesj^/* 
and,/", Fig. 118, the tube overy being lOJ inches, and 
that over/" 13 inches long. The shorter tube is clasped 
by a paper slider, a. The flamed is now singing, but the 
flame y, in the longer tube, is silent. I raise the paper 
slider which surrounds /*, so as to lengthen the tube, 
and on approaching the pitch of the tube surrounding _/i 
thtit flame sings. The experiment may be varied by 
making _f the singing flame and y the silent one at start- 
ing. R.'iising the telescopic slider, a point Is soon attained 
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where the flume f commences its song. In this way one 
fl^me ma^ excite another through constderahle distances. 




It ie also possible to silence the singing flame b^ the 
proper management of the voice. 



8ENSITrVE NAKED FLAMES. 

% 7. Discovery of Sensitive Flames hj Le Conia. 

"We have hitherto dealt with flames suironndcd by 
resonant tubes; and none of these flames, if naked, would 
respond in any way to such noise or music as could be 
here applied. Still it is possible to make naked flames 
thus sympathetic. This action of mnsif.il sounds upon 
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naked flames was first observed by Prof. Le Conte at a 
musicftl party in the United States. Hia observation is 
thus described : " Soon after the music commenced, I 
observed that the flame exhibited pulsations which were 
eaacUy synchronous with the audible beats. Tliia phe- 
nomenon was very striking to every one in the room, and 
1 when the strong notes of the violoncello 
It was exceedingly interesting to observe how 
perfectly even the trills of this instrument were reflected 
on the sheet of flame. A deaf man might have seen the 
haofnony. As the evening advanced, and the diminished 
consumption of gas in the city inormsed the pressure, tlie 
phenomenon became more conspicuous. The jumping of 
the flame gradually increased, became somewhat irregnlar, 
and, finally, it began to flare continuously, emitting the 
characteristic sound, indicating the escape of a greater 
amount of gas than could be properly consumed. I then 
ascertained, by experiment, that the phenomenon did not 
take place unless the discharge of gas was so regulated 
that the flame approximated to the condition of flaring. I 
likewise determined, by experiment, that the effects wer« 
not produced by jarring or shaking the floor and walla of 
the room by means of repeated concnasions. Hence it ifi 
obvious that the pulsations of the flame were not owing to 
indirect vibrations propagated through tlic medium of the 
waUa of the room to the burning-apparatus, but must have 
been produced by the direct influence of aerial eonorotis 
pulses on the burning jet." ' 

The signiiicant remark, that the jumping of the flame 

' Philoaophical Itigaiine, March, 1858, p. 33 
Le Uonte'H intercsljng paper is giren in exlrmo. 
Mr. (now Profcasor) Barrett, while preparing some eiperiments for my 
iectnrei, obsorvod ihe iption of a niusieal sound upon ft flame, aad bj 
tha aeleclion of miiuble burners ho allerward succeeded in rendering the 
Bame eitremelj iGnaitiTn. Le Conte, of whoae dUco«ery I informed Mr. 
Bairetl, waa my omi stanlig-poinL 
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wafl not observed until it was near flaring, snggeats the 
means of repeating the experiments of Dr. Le Conte ; while 
a more intimate knowledge of the conditions of success 
enaliles ns to vary and exalt them in a (striking degi-ee. 
iHeforo you burns a bright candle-Haine, but no sound that 
can be produced here has any effect upon it. Though 
sonorous waves of great power be sent through the air, the 
candle-flame remains insensible. 

But by proper precautions even a candle-flame may be 
rendered senaitive. Urging from a small blow-pipe a 
narrow stream of air through such a flame, an incipient 
flutter is produced. The flame then jumps visibly to the 
Bound of a whistle, or to a chimip. The experiment may 
be so arranged that, when the whistle sounds, the flame 
shall be either restored almost to its pristine brightness, or 
that the small amount of light it still possesses shall disap- 
pear. 

The blow-pipe flame of our laboratory is totally un- 
affected by the sound of the whistle as long as no air ia 
nrged through it. By properly tempering the force of the 
blast, a flame is obtained of the shape shown in Fig. 119, 





I 



On sounding the whistle the erect portion of the flame 
drops down, and while the sound continues the flame 
maintains the form shown in Fig. 120. 
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g 8. Ejeperiments on Fish-tail and Bat'a-wing FUtmea. 
We now pass on to a thin Blieet o£ flame, iseiiing from 
a common fish-tail burner, Fig. 121. Tou might sing to 
this flame, varj'iiig the pitch of jour voice, no shiver of 
the fiame would be ri&ible. You might employ pitch 




pipes, tnning-forks, belle, and tnimpetg, with ii like al> 
Bence of all effect. A barely perceptible motion of the 
interior of the ilaine may be noticed when a shrill whistle 
is blown close to it. But by turning the cock more fully 
on, the flame is brought to the verge of flaring. And now, 
«hen the whistle is blown, the flame thriiets suddenly ont 
seven quivering tongues, Fig. 122. The moment the 
sound ceases, the tongues disappear, and the flame be- 
comes quiescent. 

Passing from a fish-tail to a bat's-wing burner, we 

obtain a broad, steady flame. Fig. 123. It is qiiile inseii- 

Bible to the loudest sound which would be tolerable here. 

The fl.ime is fed from a small gas-holder.' Increflsiog 

' A gas-bag properly wciglited also anawprs for theie Giperimenu. 
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gradually the pressure, a alight flutter of the edge of the 
flame at length answers to the sound of the whistle. Turn- 
ing on the gas until the flame is on the point of roaring, 
and blowing the whistle, it roars, and suddenly asBiunea 
the form shown in Fig. 124. 

When a distant anvil is struck with a hammer, the 
flame instantly responds by thrusting forth its tongues. 

An essential condition to entire success in these experi- 




ments discJosed itself in the following manner: I wna 
operating on two fish-tail flames, one of which jumped to 
s whistle while the other did not. The gas of the non- 
sensitive flame was turned off, additional pressure being 
thereby thrown upon the other flame. It flared, and its 
cock was turned so as to lower the flame ; but it now 
proved non-sensitive, however close it might be brought to 
the point of flaring. The narrow orifice of the half-turned 
cock interfered with the action of the sound. When the 
gas was turned fully on, the flame being lowered by open 
iiig the cock of the other burner, it became again sensi- 
tive. Up to this time a great number of burnere had 
been tried, but with many of them the action was nil. 
Acting, however, upon the hint conveyed by this observa- 
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tion, tlie cocks wliicli fed tJie flames were more widely 
opened, aud our most refractory burners thus rendered 
sensitive. 

In tliis way the observation of Dr. Le Conte is easily 
and strikingly illustrated ; in our subsequent, and far more 
delicate experiments, the precaution just referred to is atill 
more essential. 

§ 9- Mq)eriinent8 on Mamesfrom Oireular Aperturea. 
A long flame may be shortened and a short one length- 
ened, according to circumatances, by sonorous vibrations. 
The flame shown in Fig. 125 is long, straight, and smo^ ; 
that in Fig. 12G is short, forked, and brilliant. On sound- 





ing the whistle, the long flame becomes short, forked, and 
brilliant, as in Fig. 127 ; while the forked flame becomcH 
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long and smoky, ae in Fig. 128. As regards, tLerefore, 
their responee to tiie souiid of the wliietle, one of these 
flames is the complement of the other. 

In Fig, 129 ifl represented another smoky ilatne which, 
when the ^'hiBtle Bounds, breaks up into the form ehown 
130. 

AVhen a brilliant sensitive flame illuminates an other- 
wise dark room, in which a suitable bell is caused to strike, 
a aeries of periodic quenchings of the li^ht by the Eound 
occurs. Every stroke of the bell ie accompanied by a mo- 
mentaiy darkening of the room. 

The foregoing osperimenta illustrate the lengthening 
and shortening of flames by sonorous vibrations. Tliey 
may also produce rotation. From some of our home-made 
burners issue flat flames, about ten inches high, and three 
inches across at their widest part. Wlien the whistle 
sounds, the plane of each flame tmna ninety degrees round, 
and continues in its new position as long as the sound 
continues. 

A flame of admirable steadiness and brilliancy now 
bums before you. It issues from a single circular orifice 
in a common iron nip]>le. This burner, which requires 
great pressure to make its flame flare, has been specially 
chosen for the purpose of enabling you to observe, with 
distinctness, the gradual change from apathy to sensitive- 
ness. The flame, now 4 inches high, is quite indifferent 
to sound. On increasing the pressure its height becomes 
C inches ; but it is still indifferent. When its length is 12 
inches, a barely perceptible quiver responds to the whistle. 
When 16 or 17 inches high, it jumps briskly the moment 
an anvil is tapped or the whistle sounded. When the 
flame is 20 inches long you observe a quivering at inter- 
vals, which announces that it is near roaring. A slight 
increase of pressure causes it to roar, and shorten at the 
■ame time to 8 inches. 
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Diminislimg the pressnre a little, the flame is again 
20 inches long, but it is on the point of roaring and short- 
eniog. Like the singing flames which were started by 
the voice, it stands on the brink of a precipice. The 
proper note pushes it over. It shortens when the whistle 
sounds, exnctlj aa it did when the pressure is in excess. 
The action reminds one of the story of the Swiss mule- 
teers, who are said to tie up their bells at certain places 
lest the tinkle should bring an avalanche down. The 
snow must he very delicately poised before this could oc- 
cur. It probably never did occur, but our flame illus- 
trates the principle. "We bring it to the verge of falling, 
and the sonorous pulses precipitate what was already im- 
minent. This is the shnple philosophy of all these sensi- 
tive flames. 

When the flame flares, the gas in the oiifice of the 
burner is in a state of vibration ; conversely, when the 
gas in the orifice is thrown into vibration, the flamej if 
eufflciently near the flaring point, will flare. Thus tlie 
sonorous vibrations, by acting on the gas in the passage of 
the burner, become equivalent to an augmentation of press- 
ure in the holder. In fact, we have here revealed to ua 
the physical cause of flaring through excess of pressure, 
which, common as it is, has never been hitherto explained. 
The gas encounters friction in the orifice of the hcmer, 
which, when the force of transfer is sufficiently great, 
throws the issuing stream into the state of vibration that 
produces flaring. It is because the flaring is thus caused, 
that an infinitesimal amount of energy in the form of 
vibrations of the proper period can produce an effect equiv- 
alent to a considerable increase of pressure. 

§ 10. Seat of Sensitiveness. _ 
That the external vibrations act upon the gas in the 
orifice of the burner, and not first upmi the burner itself, 




tLe tube leading to it, or the flame a>)ove it, is thai 
proved. A glass f annel h, Fig. 131, is attached to a tube 
3 feet long, and half an inch in diameter. A BensitiTe 
flame b is placed at the open end t of the tube, while a 
Enmll high-pitched reed is placed in tlie funnel at b. 




When the sound is converged upon the root of the flame, 
&B in Fig. 131, the action is violent ; when converged on a 
point half an inch above the burner, as in Fig. 132, or at 



Iialf an inch below the burner, aa in Fig. 133, there is no 
MctioQ. The glaea tube may be dispensed with and the 



funnel nloiiD employed, if care be taken to screen off aU 
Boiiod save that which passes through the ghauk of the , 
funneh' 

§ 11. Injhience of Pitch. 

All soondB are not equally effective on tlie i 
waves of special periods are required to produce the maxi- 
mum effect. The effectual periods are those which 8)-n- 
chrouize with the waves produced by the friction of the 
gaa itself against the sides of its orifice. With eome of 
these flanica a low deep whistle is more effective than 8 
ehrill one. With others the exciting tremors must be 
very rapid, and the sound consequently shrill. Not one 
of these four tuning-forks, which vibrate 256 times, 320 
times, 384 times, and 512 times respectively in a second, 
has any effect upon the flame from our iron nipple. But, 
besides their fundamental tones, these forks, as you know, 
can be caused to yield a series of overtones of very high 
pitch. The vibrations of this series are l,60'i, 2,<J00, 2,400, 
and 3,200 per second, respectively. The flame jumps in 
response to each of these sounds ; the response to tliat of 
Llie highest pitch being the most prompt and energetic of 
alL 

To the tap of a hammer upon a board the flame re- 
sponds ; hut to the tap of the same hammer upon an anvil 
the response is much more brisk and animated. The 
reason is, that the clang of the anvil is rich in the higher 
tones to which the flame is most sensitive. The powerful 
tone obtained when our inverted tell is reenforced by its 
resonant tube has no power over this flame. But when a 
halfpenny is brought into contact with the vibrating sur- 
face the flame instantly shortens, flutters, and roai-s. I 

* In the nctiuni described in tlie esse of Ihe blow.pipe Bud eucdlo flamM, 
It Hu the jcl of air Issuing trnm the blow.pipe. anil not the fluoe iUelf, that 
mis ilireclly ac'.cii on by the eilcrniil vibmlinm. 
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send an assistant with a smaller bell, worked by clock-work, 
to the most distant part of the gallery. He there detaches ' 
the hammer ; the strokes follow each other in rhythmJo ! 
succession, and at every stroke the flame fio. 
falls from a height of 20 to a height of 8 
inches, roaring as it falls. 

The rapidity with which sound is prop- 
agated through air is well illustrated by 
these experiraente. There is no sensible 
interval between the stroke of the betJ 
and the ducking of the flame. 

When the sound acting on the flame 
is of very short dnration a curious and 
instmctive effect is observed. The sides 
of the fiame half-way down, and lower, 
are seen suddenly fringed by luminous 
tongues, the central flame remaining ap- 
parently undisturbed in both height aud 
thickness. The jlame in its normal state 
is shown in Fig. 134, and with its fringes 
in Fig. 135. The effect is due to the re- 
tention of the iinpresaion upon the retina. 
The flame actually falls as low as the 
fringes, but its recovery is so quick that " 
to the eye it does not appeal- to shorten at all.' 



g 12. Hie \ 

A flame of astonishing seuBitlveneas now burns before 
yon. It issues from the single orifice of a steatite burner, 
and reaches a height of 24 inches. The slightest tap on 

' Ntmeroos modificnUonB of thee eiperimenla are poaaible. Other 
jiSammsblB gases tlian coal-gati maj be emploTed. UiitiuM of guM 
liare also bi>cti found to jiild beautiful and atrikinf; result*. An inflnl- 
te»lmal amount of methsnical Jmpuritj has been found to exert a powerAiI 
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ft diBtant anvil reduces its height to 7 inches. When • 
bDQch of keys is shaken the flame ia violently agitated, 
and etnitfi a Icttd roar. The dropping of a sixpence into a 
liand already containing coin, at a distance of 20 yarda, 
knocts the fiame down. It is not possible to walk acroas 
the floor without agitating the flame. The creaking of 
boots seta it in violent commotion. The crumpling, 
or tearing of paper, or the rustle of a silk dress, does the 
same. It is startled by the patter of a rain-drop. I hold 
a watch near the flame : nobody hears its ticks ; but yoa 
all see their effect upon the flame. At every tick it falls 
and roars. The winding np of the watch also produces 
tumult. The twitter of a distant Eparrow shakes the 
flame ; the note of a cricket would do the same. A chir- 
rup from a distance of 30 yards causes it to fall and roar. 
I repeat a passage from Spenser : 

"Her iJorj forehwwi fiill of bounty brave. 

Like a bnwd table did itaelf diiprcad ; 
Far lore bU lofl; triumpbi to eograTe, 

And write Ibe battles of Ms great godbead. 
All imtli and goodaeBs loigbt Ibereiu be read. 

For Uiere their dnelliog was, and when abe epake. 
Sweet words, like Jropping boncy the did shed ; 

And tbraugh tbe pearla and rabiea eofU; brake 
A silver aound, wbicb hcarenlj music seemed to make." 

The flame selects from the sounds those to which it e 
respond. It notices some hy the slightest nod, to othei 
it bows more distinctly, to some its obeisance is very 
profound, while to many sounds it turns an entirely deaf 



In Fig. 136, this wonderful flame ia represented. Od 
chirruping to it, or on shaking a bunch of keys within a 
few yards of it, it falls to the size shown in Fig. 137, tha 
whole length, a b, of the flame being suddenly abolished. 
The light at the same time is practically destroyed, a pale 
and almost non-luminous residue of it alone remain- 
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THE VOWEL-FIJ.ME. 

ing. Tliese figui'ea are taken frum pliotographs of the 
flame, 

distiugiiish it from tlie others I have called this 
the " vowel-flame," because the different vowel- 
Bounds affect it differently. A loud and Bonbrous 
V does not move the flame ; on changing the 
Bound to o, the flame quivers ; when e is sounded, 
the flame is strongly affected. I utter the worda 
boot, boat, and beat, in succession. To the fii-st 
there is no response; to the second, the flame 
stai-ts; by the third ia thrown into greater com- 
motion; the sound ^A/ is still more powerful. 
Did we not know tlie constitution of vowel-soundB 
thia deportment would be an insoluble enigma. 
Aa it ia, however, the flame illusti-ates the theory 
of voweJ-BOunds, It is most sensitive to sounds 
of high pitch ; hence we should infer that the 
sound Ah/ contains higher notes than the sound 
e; that E contains higher notes than o; and o 
higher notes than c. I need not say tliat pn. m. 
this Hgreea peifectly with tlie analysis of 
Hehnholtz. 

Thia flame is peculiarly sensitive to 

the utterance of the letter s. A hies 

contains the elemente that most forcibly 

affect the flame. The gas issueB from its 

burner with a hiss, and an external sound 

of thia character is therefore exceedingly 

effective. From a metal box containing 

compressed air I allow a puff to escape; 

the flame instantly ducks down not by 

any transfer of air from the box to the 

9ame, for the distance between both utterly excludes this 

idea — it is the sound that affects the flame. From the 

most distant part of the gallery my assistant permits the 
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compressed air to issue in puffs from tlie boi ; at CTftry 
puS the flame euddeDly falls. The higs of the isaaing air 
at the one orifice precipitates the tamidt of the fiame at 
the other. 

When a musical-box is placed on the table, and per- 
mitted to plaj-, the fiame behaves like a seDtient arid 
motor creature — ^bowing slightly to some tones, aad cour- 
tesjiiig deeply to others. 

§ 13. Mr. Philip Barry a Sensitive .Flame, 
Mr. Philip Barry has discovered a new and very eSeo 
tive form of sensitive flame, which he thus describee in s 
letter to myself : " It is the most sensitive of all the 
flames that I am acquainted with, though from its smaller 
size it is not so striking as your vuwel-flame. It possesses 
Tib. iss. the advantnge tliat the ordinary 

pressure in the gas-mains is quite 
euflicient to produce it. The 
method of producing it consists in 
igniting the gas (ordinary coal- 
gas) not at the burner but some 
inches above it, by interposing be- 
tween the burner and the flame a 
piece of wire-gauze." 

I give a sketch of the arrange 
ment adopted, Fig. 138. The space 
between the burner and gauze was 
2 inches. The gauze was about 7 
inches square, resting on the ring . 
of a retort - stand. It bad 33 
meshes to the lineal inch. The 
burner was Sugg's steatite pinhole burner, the same tm 
Dsed for the vowei-flame. 

The flame is a slender cone about four inches high, 
tlje npper portion giving a bright-yellow light, the base 
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being a non-lutninons blue flame. At tbe le&et noise this 
Haine roars, siiikuig down to tlie surface of the gauze, be- 
coming at the same time invisible. It is very active in 
its responses, and, being rather a noisy ilaiiie, its sympathy 
is apparent to the ear as well as the eye. 

"To the vowel-eounds it does not appear to ans-wei 
po discrimmately as the vowel-flame. It is extremely 
Eensitivc to A, very slightly to E, more so to i, entirely 
non-sensitive to o, but slightly sensitive to u. 

" It dances in tbe most perfect maimer to a small 
musical annff-box, and is highly sensitive to most of the 
sonorous vibrations which afl'ect the vowel-flames." 



g 14. Sensitive Smoke-jets. 

It is not to the flame, as such, that we owe the ex- 
traordinary phenomena which have been just described. 
Eifects substantially the same are obtained when a jet of 
unignited gas, of carbonic acid, hydrogen, or even air itself, 
issues from an orifice under proper pressure. None of 
these gases, however, can be seen in its passage through 
air, and, therefore, we must associate with them some 
substance which, while sharing their motions, wOl reveal 
them to the eye. The method employed from time to 
time in this place of rendeiing aerial vortices visible is 
we.l known to many of yon. By tapping a niembrano 
which closes the moutb of a large funnel fiHed with 
smoke, we obtain heautifid smoke-rings, which reveal the 
motion of the air. Ey associating smoke with our gas- 
jets, in the present instance, we can also trace their course, 
and, when tliis is done, the unignited gas proves as sensi- 
tive as the flames. The smoke-jets jump, shorten, split 
into forks, or lengthen into columns, when the proper 
notes are sounded. 

Underneath this gas-bolder are placed two small basins. 
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the one containing hydrochloric acidj_and the other am- 
monia. Fumes of sal-ammoniac are thus copiously formed, 
and mingle with the gaa contained in the bolder. We 
may, aa already stated, operate with coal-gaa, carbonic acid, 
air, or hydrogen ; each of them yields good effects. From 
cm- exi;e]ient steatite burner now issues a thin column of  
smoke. Ou sounding the whistle, which was so effective 
with the flames, it is found ineffective. "Wlien, more- 
over, the highest notes of a series of Pandean pipes are 
sounded, they are also ineffective. Nor will the lowest 
notes answer. But when a certain pipe, which stands 
about the middle of the series, is sounded, the smoke- 
column falls,* forming a short stem with a thick, bushy 
head. It is also pressed down, as If by a vertical wind, by 
a knock upon the table. At every tap it drops. A stroke 
on an anvil, on the contrary, produces little or no effect. 
In fact, the notes here effective are of a much lower pitch 
than those wliich were moat efficient in the case of the 



The amount of shrinkage exhibited by some of these 
smoke-columns, in proportion to their length, is far greater 
than that of the Hames. A tap on the table causes a smoke- 
jet eighteen inches high to shorten to a bushy bouquet, 
with a stem not more than an inch in height. The smoke- 
cohimn, moreover, responds to the voice. A cough knocks 
it down; and it dances to the tune of a musical-box. 
Some notes cause the mere top of the smoke-column to 
gather itself up into a bunch ; at other notes the bunch 
is formed midway down; while notes of more suitable 
pitch cause the column to contract itself to a cumulus not 
mnch more than an inch above the end of the burner. 
Various forms of the dancing smoke-jet are shown in Fig. 
139. As the music continues, the action of the smoke- 
column consists of X series of rapid leaps from one of these 
forms to another. 
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In ft perfectly Btill atmosphere these slender araoke- 
columB rise BometJmes to a height of nearly two feet, 
apparently vanishing into air at the summit. When tliia 
is the case, our must g-a j^. 

sensitive flames fall far 
behind them in delicacy ; 
and thongh less striking 
than the Hames, the 
smoke-wreaths nre often 
more gmcefol. Not only 
special words, but evei-y 
word, and even every 
6yllable, of the foregoing 
stanza from Spcnsep, 
tumbles a really sensitive 
emoke-jet into confusion. 
To produce such effects, 
a perfectly tranquil at- 
mosphere is necessary. 
Flame-experiments, in fact, are possible in a 
where smoke-jets are utterly unmanageable.' 



atmosphere 



§15. ConBtituiion of Liquid Veins: Seiisilive 
Water-Jetn. 

"We have thus far confined our attention to jets of 
ignited and unignited coal-gas — of carbonic acid, hydro- 
gen, and air. We will now turn to jeta of water. And 
here a series of experiments, remarkable for their 

> Eeferrlng to these cfTecM, HelmliDtli a«T«: "Die crEliDnlicbc Em- 
pfindljchkeit einos mil Rnuch icQpriigDirten c5ll[idiiai:lii;D Lurtstt&hli gegen 
Scb&ll at, von Ilarrn Tyndiill beschriebea wordvn; ich babe diesclbe b«8tt- 
tt^ gefunden. Ed Uc dies ofTenbor eine Eigonachitft der TrcnnungBSichen 
die fQr daa Anbltisen der Pfclfen ton grflsglet Wicbtigkeit i«t"— (" Dtsroo 
tinuirliche LudbcncgMng," MQDiIsberii'ht, April ISSS.l 



beauty, bas long existed, vrfaich 
claim retationsbip to those juBt 
described. These are the ex- 
periments of Felix Savart on 
liquid veins. If the bottom 
of a vessel containing water 
be pierced by a circular ori- 
fice, the descending liquid vein 
will exhibit two parts anmis- 
tiikably distinct. The part of 
the vein neavest the orifice U 
steady and limpid, presenting 
the appearance of a solid glaea 
i-od. It decreases in diameter 
as it descends, reaches a point 
of maxiiuuin contraction, from 
which point downward it ap- 
pears turbid and unsteady. The 
course of the vein, moreover, is 
marked by periodic swellings 
and contractions. Savart has 
represented these appearances 
as in Fig. 140. The part a n 
nearest the orifice is limpid 
and steady, while all the part 
below n is in a state of qoiver- 
ing motion. This lower part 
of the vein appears continnona 
to the eye ; but the finger can 
be sometimes passed tliron^ 
it without being wetted. ThiB, 
of course, eould not be the 
case if the vein were really 
continnoufl. The upper poi^ 
tion of the vein, moreovei 





intercepts vision ; the lower portion, even wlien llie liquid 
is mercury, does not. In fact, the vein resolves itself, at 
n, into liquid apheriilcB, its apparent continuity being dne 
to the retention of the impressions made by the falling 
drops upon the retina. If, while looking at the disturbed 
portion of the vein, the head be suddenly lowered, the 
descending column will be resolved for a moment into 
Eeparate drops. Perhaps the simplest way of reducing 
the vein to its constituent spbcmlee is to illuminate the 
vein, in a dark room, by a succession of electric flasbee. 
Every flash reveals the drops, as if they were perfectly 
motionless in tbe air. 

Could the appearance of the vein illuminated by a 
single flash be rendered permanent, it would be that rep- 
resented in Fig. 141. And here we find i-evealed th« 
canse of those swellings and contractions which tbe di& 
turbed portion of tlie vein exhibits. The drops, as tliey 
descend, are continually changing their forma. When first 
detached from the end of the limpid portion of the vein, 
tbe drop is a spheroid with its longest axis vertical. But 
a liquid cannot retain this shape, if abandoned to the 
forces of its own molecules. Tbe spheroid seeks to become 
a sphere — the longer diameter, therefore, shortens ; but, 
like a pendulum which seeks to return to its position of 
rest, the contraction of the vertical diameter goes too far, 
and the drop becomes a flattened spheroid. Now, tbe con, 
tractions of tbe jet are formed at those places where the 
longest axis of the drop is vertical, while the swellings 
appear where tbe longest axis is borizoutal. It will bo 
noticed that between every two of the larger drops la a 
third one of mufh smaller dimenBions, According to 
Savait, their appearance is invariable. 

I wish to make tbe constitution of a liquid vein eii 
dent to you by a simple but beautiful experiment. Tlie 
condensing lens has been removed from our electric tamp, 
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the light being permitted to pass tlirough a vertiial slit 
directly from the carbon-pointa. The slice of light tbtu 
obtained is so divergent that it illnminateB, froiu'top to 
bottom, a liquid vein eeveral feet long, and placed at some 
distaace from the lamp. Immediately in front of the 
cumera Is a large diek of zinc ^'ith six radial slits, about 
ten inches long and an inch wide. By the rotation of the 
disk the light is caused to fall in flashes upon the jet j and, 
when the suitable speed of rotation has been attained, the 
vein is resolved into its constituent spherules. Receiving 
the shadow of the vein upon a wliite screen, ite constita- 
tion is rendered clearly visible to all here present. 

This breaking-np of a liquid veib into drops has been 
a subject of frequent experiment and mueb discussion. 
Savart traced the pulsations to the oriGce, but be did not 
think that they were produced by friction. They are 
powerfully influenced by sonorous vibrations. In the 
midst of a large city it is hardly possible to obtain the 
requisite tranquillity for the full development of the con- 
tinuous portion of the vein; still, Savart was so far able 
to withdraw his vein from the influence of snch irregular 
vibrations, that ita limpid portion became elongated to 
tl'.e Bxt*nt shown in Fig. 142. It will be understood that 
Fig. 141 repi-esents a vein exposed to the irregxilar vibrar 
tions of the city of Paris, while Fig. 142 represents one 
pi-oduced under precisely the same conditions, but with- 
drawn from those vibrations. 

ITie drops into which the vein finally resolves itself 
are incipient even in its limpid portion, announcing 
tliemiielfea there as annular protuberances, wliit'li become 
mora and more pronounced, until finally they separate. 
Their birthplace is near the orifice itself, and under even 
modepit^ pressure they succeed each other with sufficient 
rapidi*j to produce a feeble musical note. By permitting 
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the drops to fall upon a membrane, tliu pitoh of this note 
may be fixed; and now we come to tbe point wliicli 
Dects the plienomena of liquid veins with those of senei 
tive flames and smoke-jets. If a note in unison with that 
of the vein be sounded near it, the limpid portion in- 
stantly shortens ; tbe pitch inaj vary to some extent, and 
etill cause a shortening; but the nnisonant note is the 
most effeutua). Savart's experiments on vertically-d* 
Ecending veins have been recently repeated in our labora- 
tory with striking effect. From a distance of thirty yards 
the limpid portion of the vein has been shortened by tho 
Bound of an organ-pipe of the proper pitch and of modern 
ate inteneity. 

I have also recently gone carefully, not merely by read- 
ing, but by experiment, over Plateau's account of the 
resolution of a liquid vein into drops. In his researches 
on the figures of equilibrium of bodies withdrawn from 
the action of gravity, he iinds that a liquid cylinder is sta- 
ble as long as its length does not exceed three times its 
diameter ; or, more accurately, as long as the ratio be- 
tween them does not exceed that of the diameter of a cir- 
cle to its circumference, or 3,141C. If this be a little ex- 
ceeded the cylinder begins to narrew at some point or 
other of its length ; nips itself together, breaks, and forms 
immediately two spheres. If the ratio of the length of 
the cylinder to its diameter greatly exceed 3,1416, then, 
instead of breaking up into two spheres, it breaks up into 
several. 

A liquid cylinder may he obtamed by introducing 
olive-oil into a mixture of alcohol and wnttr, of the same 
density as the oil. The latter forms a sphere. Two disks 
of smaller diameter than the sphere are brought into 
contact with it, and then drawn apart; the oil clings to 
the disks, and the sphere is transformed into a cylinder. 



If tlie quantity of oil be insofficient to produce Uie Diaid- 
mnm length of cjlioder, more may be added hy a pipette. 
In making tliis experiment it ^11 be noticed that, when 
the proper length is exceeded, the nipped portion of the 
cylinder elongates, and exists for a moment as a very thin 
liquid cylinder uniting the two incipient epheres; and 
that, when rnptnre occurs, the thin ^linder, wliich has also 
exceeded its pruper length, hreake so as to form a email 
spberule between the two larger onee. This is a point of 
conBiderable Bigmficauce in relation to oor present qne»- 
tion. 

Now, Platean conteuds that the play of the molecnlai 
forces in a liquid cylinder is not suspended by its motion 
of translation. The first portion of a vein of water quit- 
ting an orilice is a cylinder, to which the laws which he baa 
eetftblished regarding motionless cylinders apply. The 
moment the descending vein exceeds the proper length it 
begins to pinch itself so as to form drops ; but nrged for- 
ward as it is by the pressure alwve it, and by its own 
gravity, in tlie time required for the rounding of the drop 
it reaches a certain distance from the oritice. At this 
distance, the pressure remaining constant, and the vein 
being withdrawn from external disturbance, niptnre inva- 
riably oecars. And the rupture is accompanied by the 
phenomenon wliich has just been called significant. Be- 
tween every two succeeding large drops a small spherule 
is formed, as shown in Fig. 141. 

Permitting a vein of oil to fall from an orifice, not 
through the air, but through a mixture of alcohol Mid 
water of the proper density, the continuous portion of tlie 
vein, its resolution into drops, and the formation of the 
small splienile between each liberated drop and the end 
of the Itqnid cylinder which it has just quitted, may bo 
watched with the utmost delibej-ation. The effect of thit 
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and other experiiuents upon the mind will he to proJueo 
the conviction that the very bi^aiitifnl explanation offered 
by Plateau is also the true one. The various laws estab- 
lisLed experimentally by Suvart all follow immediately ( 
from Plateau's theory. 

In a small paper published more than twenty yeara 
ago I drew attention to the fact that when a descending 
vein intersects a liquid surface above the point of mp- 
tiirs, if the pressure be not too great, it enters the liquid 
silently ; but when the surface intereects the vein below 
tlie point of rupture a rattle is immediately heard, and 
bubbles are copiously produced. In the former case, not 
only is there no violent dashing aside of the liquid, but 
round the base of the vein, and in opposition to its motion, 
the Kquid collects in a heap, by its surface tension or capil- 
lary attraction. This experiment can be combined with two 
other observations of Savart's, in a beautiful and instruc- 
tive manner. In addition to the shortening of the contin- 
uons portion by soimd, Savart found that, when he per^ 
mitted his membrane to intersect the veiu at one of its 
protuberances, the sound was louder than when the intei^ 
section occurred at the rantracted portion. 

I permitted a vein to descend, under scarcely any 
pressure, from a tube three-quarters of an inch in diam- 
eter, and to enter silently a basin of water placed nearly 
20 inches below the orifice. On soimding vigorously a 
Ut, tuning-fork the pellucid jet was instantly broken, 
and as many as three of its swellings were seen above the 
surface. The rattle of air-bubbles was instantly heard, 
and the basin was seen to be tilled with them. The eoimd 
was allowed slowly to die out; the continuous portJon of 
the vein lengthened, and a series of alternations in the 
production of the bubbles was observed. When the swell- 
ingB of the vein cut the surface of the water, the bubbled 



were copiona and loud; when the contracted portiuite 
croased the Burfsce, the bubbles were Bcantj and scarcely 
■indible. 

liemoving the basin, plaring an iron tr»y in its place, 
and exciting the fork, the vein, which at first struck 
silently npon the tray, commenced a rattle which roee and 
sank with the dying oat of the sound, according as tlie 
swelling or contractions of the jet impinged upon the snr- 
face. This is a simple and beantifol experiment. 

Sarart also caused his vein to issue horizontally and 
at Tarions inclinations to the horizon, and found that, in 
certain cases, sonorous vibrations were competent to cause 
a jet to divide into two or three branches. In these ex- 
periments the liqnid was permitted to issue through aa 
orifice in a thin plate. Instead of this, however, we will 
resort to our favorite steatite burner; for with water 
also it asserts the same mastery over its fellows that it 
exhibited with flames and smoke-jets. It will, moreover, 
reveal to tis some entirely novel re«ults. By means of an 
India-rubber tube the burner ia connected with the water- 
pipes of tlie Institution, and, by pointing it obliquely 
upward, we obtain a fine parabolic jet (Fig. 143). At s 
certain dietance from the orifice, the vein resolves itself 
into beautiful spherules, whose motions are not rapid 
enough to make the vein appear continuous. At the 
vertex of the parabola the spray of pearls !s more than an 
inch in width, and, farther on, the drops are still more 
widely scattered. On sweeping a fiddle-bow across a 
timing- fork which executes 512 vibrations in a second, 
the scattered drojts, as if drawn together by their mutoat 
attractions, instantly close up, and form an apparently 
continnous liquid arch sevei-al feet in height and span 
(shown in Fig. 144). As long as the proper note is main- 
tained the vein looks like a frozen band, bo motionleae 
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dues it api^eftr. On stopping the fork the arch is shaken 
asunder, and we have the same play of liquid pearls as 
before. Every sweep of the bow, however, causes the 
drops to fall into a comn.on line of march. 

A pitch-pipe, or an organ-pipe yielding the note of 




I this tuning-fork, also powerfully conti-ols the vein. Tho 
t voice does tho same. On pitching it to a note of moder- 
K^te intensity, it cnuseB the wandering drops to gather 
l^themselvea together. At a distance of twenty yards, tho 
voiL-e is, to all appearance, as powerful in curbing the vein, 
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motion dwells the surprise, and this no driiwing can 
render.' 

' The ciperimcDta on sniindiiig Sanies have been recenllj considerabl; 
titended bj mj ns^isluil Mr. CotlrelJ. Bj vauaing flume lo rub agaioal 
Qutiie, varioufl muBical flounds cun be obtained — some rvBcmbling tboae of 
a tiumpct, othcra tbose of a lark. By tbe frJcLion of uuignUcd gss-jcti, 
aimilar tbough less iotenae eOvcts are produced, When Ibe two fiamea of 
a fisli-loil liurner are peraiitled la Impitige upon a plale of platinum, as in 
Bcboll'B " perfeetors," the souDiti are truropet-llke, aD<l texj loud. Two 
ignited gis-Jete maj be caused to flatieo out like Sarart's water-jeta. Or 
tbej juay be caused to roll themficlves into two bollov bomB, forming a 
most iiiatructive eannipte of the Wirbrl/acKai of Helmlioltz. Tbe carboD- 
pniticlea liberated in the Same riae ttiroagh the homs in contiuuou* red* 
hot or white-hut spirals, which are eitjaguisbed at  height of Mum 
inchea from iheir place of geaeralioo. 



SUMMARY OF CHAPTER TI. 

When a gas-tiame is placed in a tube, tlie air in pass- 
ing over the flame is thrown into vibration, lunsical Bounds 
being the eonsequence. 

Making allowance for the bigb temperature of the 
column of air aeeociated with tlie flame, the pitch of the 
note is that of an open orgaji-pipe of the length of the tnbe 
Burronnding the flame. 

The vibrations of the flame, while the sound coiitinuea, 
consist of a series of periodic extinctions, total or partial, 
between every two of which the flame partially recovers ita 
brightness. 

The periodicity of the phenomenon may be demon- 
strated by means of a concave mirror which forms an 
image of the vibrating flame upon a screen. When the 
image is sharply defined, the rotation of themin-or reduces 
the single hnage to a series of separate images of the flantc. 
The dark spaces between the images correspond to the ex- 
tinctions of the flame, wli^le the images themselves corro- 
Bpond to its periods of recovery. 

Besides the fundamental note of the associated tube, 
the flame can also be caused to excite the higher overtones 
of the tube. The successive divisions of the column of air 
are those of an open organ-pipe when ita harmoiuc tooea 
are sounded. 

On sounding a note nearly in unison with a tube con- 
taining a silent flame, the flame jumps; and if the position 
of the flame in the tube be rightly chosen, the e.\traneous 
sound will cause the flame to sing- 
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"Wliile the flame is singing, a note nearly in unison 
with ite own produces beats, and the flame is seen to jump 
in synchronism with the beats. The jumping is also ob- 
servGd when the position of the flame within its tube is 
not BUcL as to enable it to sing. 

NAKI'T) FLAUE3. 

When the pressure of the gas which feeds a naked 
flame is augmented, the flame, up to a certain point, in- 
creased in size. But if the pressure he too great, the flame 
roars or flares. 

The roaring or flaring of the flame is caused by the state 
of vibration into which the gas is thrown in the orifice of 
the bonier, when the pressure which urges it through the 
orifice is excessive. 

If the vibrations in the orifice of the burner be super- 
induced by an extraneous sound, the flame will flare under 
B pressure less than that which, of itself, would produce 
flaring. 

The gas under excessive pressure has vibi-ations of a 
definite period impressed upon it as it passes through the 
burner. To operate with a maximnm effect upon the 
flame the external sound must contain vibrations synchro- 
nous with those of the issuing gas. 

When such a sound is chosen, and when the flame is 
hrouglit Bufiieiently near its flaring-point, it furnishes an 
acoustic reagent of unexampled delicicy. 

At a distance of 30 yards, far example, the chirrup of 
a hous&«parrow would be couipetent to throw the flame 
into commotion. 

It is not to the flame, as such, that we are to ascribe 
these effects. Effects substantially similar are produced 
when we employ jets of unignited coal-gas, carbonic acid, 
hydrogen, or air. These jets may be rendered visible by 
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euoke, and the emobe-jets show a Bensllivencee to eonoroiu 
vibratioiie even greater than that of the flames. 

When a brillinnt Eensidve Same illumiQates an other- 
wise dark room, in which a suitable bell is csueed to strike, 
a aeries of periodic quenchiDgs of the light by the EOnnd 
occnrs. Every stroke of the bell is accompanied by a ino- 
Dientaiy darkening of the room. 

A Jet of water descending from a circular orifice is 
composed of two distinct portions, the one pellacid and 
oiilm ; the other in commotion. AVhen properly analyzed 
the fonner portion is foand continnous; the latter being a 
succession of drops. 

If these drops be received upon a membrane, a mnsical 
sound is produced. When an extraneous soimd of this par- 
ticular pitch is produced in the neighborhood of the vein, 
the continuous portion is seen to shorten. 

The continuous portion of the vein presents a series of 
swellings and contractions, in the former of which the 
drops are datteaed, and in the latter elongated. The sound 
produced by the flattened drops on striking the membrane 
is louder than that produced by the elongated ones. 

Above its point of rupture a vein of water may be 
caused to enter water Bilentiy ; but on sounding a suitable 
note, the rattle of bubbles is immediately heard ; the dift- 
continuous part of the vein rises above the surface, and aa 
the sound dies out the successive swellings and contrac- 
tions produce alternations of the quantity and sound of tlie 
huhblea. 

In veins propelled obliquely, the scattered water.drop9 
nny be called together by a suitable sound, so as to form 
Bu apparently continuous liquid arch. 

Liquid veins may be analyzed by the electric spark, or 
by a succession of flashes illuminating the veins. 
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CnAPTEE VIL 

RKRBAROHEB ON THE ACODSTIO TKAKSPABENCT OP THE ATUOB- I 
PBEBE TS EELATION TO THE QUESTION OF FOO-SIONALHTO, 



PART I. 

IntroduclioB. — InslruineuU uid ObseriRlionB. — Contrailictory Reaulls traa 
Ihe I9tb of Ma; to Ihe Ist of Jul]' inclusirc — Solution of Coutndic- 
tionf. — A6rl«l Beflpciion and ila Cauaes. — Aerial Echoes. — Acoiialli; 
Clouds, — EiperinienlBl DemoDstraLion or Stoppage of Simiid bj Aerial 
Beflectioa. 

§ 1. Int7-oduction. 

We are now fully equipped for the investigation of an 
important practical problem. The clond prodnced by the 
puff of a locomotive can quench the rays of the noonday 
6un ; it is not, therefore, surprisuig that in dense fogs our 
most powerful coast-lighta, including even the electrie 
light, should become nselesa to the mariner. 

Disastrous shipwrecks are the consequence. During 
the last ten years no less than two hundred and seventy- 
three vessels have been reported as totally lost on our own 
coastfi in fog or thick weather. The lose, I believe, has 
been far greater on the American seaboard, where trade is 
more eage^ and fogs more frequent, than they arc here. 
No wonder, then, that earnest efforts should he made to 
find a substitute for light in sound-signals, powerful enough 
to give warning and guidan.ie to mariners while still at s 
safe distance from the shore. 



Soeh agmb li»« baa gatMSJbtd to nmc cxteaC i^ea 
•■r ovB eawti, vul to • Mffl i ^K il u casent iloa^ the 
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• idAato been nadft. InfiM^ 
while tbe vdodtf of Boond faas fana e d the aibject of i»> 
iEned and repeated experiownt bj the ablest pliikHO|ilMs^ 
tbe pabfiestiao ol Dr. Dertiaiii'a edefanded pi^er m the 
•'FhiloH^ilueal TnnaetkMu" far 1708 marks tiu latot 
ayatenwtic inqoiij into the ctnaw wbidtsSeet tbe «■/«■■ 
niy (rf ■oood in tbe ataum^ten. 

Jotntlj widi tbe Elder Bretbrea of tbe Trinitv Hooae, 
and M tbetr aeie n t ifi e tdvisCT, I have neentlj had the 
bosor of oondnctiDg so inqmiy destined to fill tbe blank 
here indicated. 

One or two brief references wiH soffice to show tbe 
state of the question when this inTeetigaticni began. ** Do^ 

0," M79 Sir John Her^hel, " foond that fogs sod fUling 
rain, but more especial It enow, tend powerfoUj to obstniet 
tbe propagation of nound, and that the same eSect wag 
prodnced by a coating of fresh-fallen snow on the groond, 
though when glazed and hardened at the sorface bj freez- 
ing it had no sneh inflaence." ' 

Id a very dear and able letter, addreseed to tbe Frea- 
dent of the Board of Trade in 1S63,' Dr. Bobinsoo, of 
Armagh, thna sommarizes our knowledge of fog-signals: 
** Nearly all tliat is known about fog-eignals is to be found 
in tbe ' Beport on Lights and Beacons ; ' and of It much is 
little better tliaa conjecture. Itfi Eubstance is as follows: 

"'Light is scarcely available for this pnjpose. Blue 
lights are used in the Hooghly; but it is not stated at 
what distance they are risible in fog ; their glare niAj be 

' " E«W7 on Soinid," par. !L 

< "Report of Ibe BrilL'h Agaoctation Tor ISflS," p. lOB. 
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seen fartiier than tLeir fianie,' It might, however, be ' 
desirable to ascertain bow far the electric light, or its flash, 
can be traced.* 

"'Sound is the only known means really effective; 
but about it testimonies are conflicting, and there ia 
acarcely one fact relating to its use as a signal which can 
I>e considered as established. Even the most important yf 
all, the distance at which it ceases to be heard, is unde- 
cided. 

"*Up to the present time all signal-sounds have been 
made in air, though tliis medium has grave disadvantages: 
its own currents interfere with the soiind-waves, so tliat a 
gun or bell which ia lieard several miles dmon the wind is 
inaudible more than a few furlongs vp it, A still greater 
evil Is that it is least effective when most needed ; for fog 
is a powerful damper of sound.' " 

Dr. KobioBon here expresses the nniversalty-prevalent 
opinion, and he then assigns the theoretic cause. " Fog," 
be says, " is a mi.'cture of air and globules of water, and at 
eaoli of the innumerable surfaces where these two touch, 
s portion of the vibration ie reflected and lost.' . . . 
Snow produces a similar effect, and one still more inju- 
rious." 

Keflection being thus considered to take place at the 
surfaces of the sospended particles, it followed that the 
greater the number of particles, or, in other words, the 
denser the fog, the more injurious would be its action 
upon sound. Hence optic transparency came to be con- 
sidered a measure of acoustic tjansparency. On this 
point Dr. Robinson, in the letter referred to, expresses 
idmself thus : " At the outset, it is obvious that, to make 

' Jl Terr sn^dous remark, i 
' rowerful elcctrio ligbU bare ai 

 This Li also Sir John Hertchel'B 
" [lar. 33. 



mj of refianUng llie inhjeot " Essa^ 



expenmintB oomjparahle, we mnst have some meaenre of 
the fog's power of stopping sotmclj withont attending to 
wliich the moat anomalous results may be expected. It 
seems probable that this will beai' some simple relation to 
its opacity to light, and that the distance at which a given 
object, as a flag or pole, disappears may be taken as the 
measure." " Still, clear air" was regai'ded in this letter as 
the best vehicle of sound, the alleged action of fogs, rain, 
and SHOW, being ascribed to their rendering the atmosphere 
"ft discontinnoua medium." 

Prior to the investigation now to be described the views 
here enunciated were those universally entertained. That 
sound is unable to penetrate fogs was taken to be " a matter 
of common observation." The bells and horns of ships were 
affirmed " not to be heard so far in fogs as in clear weather." 
In the fogs of London the noise of the carriage-wheels was 
reported to be so much diminished that "they seem to be 
at a distance where really close by." My knowledge does 
not inform me of the existence of any other source for 
these opinions regarding the deadening power of fog than 
the paper of Derham, published one hundred and sixty- 
seven years ago. In consequence of their a priori prob- 
ability, his conclusions seem to have been transmitted 
unquestioned from generation to generation of scientific 
men. 

§ 2. Instruments and Observations. 

On the 19th of May, 1873, this inquiry began. The 
South Foreland, near Dover, was chosen as the signal- 
station, steam-power having been ali-eady established 
there to work two powerful magneto-electric lights. The 
observations for the most part were made afloat, one ol 
tht! yachts of the Trinity Corporation being usually em- 
ployed for this purjKise. Two stations had been ehtablished, 
the one at the top, the other at the bottom, of the South 
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^M Furekud ClIfF ; and at each of them trampets, air-whistles, 

^V Bnd steam-whietles of great size, were mounted. The 

whistles first employed were of Eiigliah manufacture. To 

these was afterward added a large United States whistle, 

and also a Canadian whistle, of great reputed power. 

»0n the 8th of October another instrument, which baa 
played a specially important part in these observations, 
was introduced. This was a steam -siren, constructed 
and patented by Mr. Brown, of New York, and introduced 
by Prof. Henry into the lighthouse system of the United 
States. As an example of international courtesy worthy 
of imitation, I refer with pleasure to the fact that when 
informed by Major Elliott, of the United States Army, 
that our experiments had begun, the Lighthouse Board 
at Washington, of their own spontaneous kindness, for- 
warded to Hs for trial a very noble instrument of tliis de- 
scription, which was immediately mounted at the South 
I Foreland. 
In the steam-siren, as in the ordinary one, described 
in Chapter 11., a fixed disk and a rotating disk are em- 
ployed, but radial slits are used instead of circular aper- 
tures. One disk is fixed vertically across the throat of a 
oonical trumpet 16i feet long, 5 inches in diameter where 
the disk crosses it, and gradually opening out till at the 
other extremity it reaches a diameter of 2 feet 3 inches. 

I Behind the fixed disk Is the rotating one, which is driven 
by separate mechanism. The trumpet is connected with a 
boiler. In our experiments steam of 70 lbs. pressure was 
for the most part employed. Just as in the ordinary 
eiren, when the nulial slits of the two disks coincide, and 
tlien only, a strong puff of steam escapes. Soiind-wavea 
of great intensity are thus sent through tlie air, the 
' pitch of the note depending on the velocity of rotation. 
(A drawing of the steam-siren constituten our frontib 
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To the eiren, trumpets, and whistles were added three 
guns — an IS-pounder, a BJ-inch howitzer, and a 13-inch 
mortar. In our auminer experiments all three were £red i 
but the howitzer having shown itself superior to the other 
guns it was chosen in our autumn experiments as not only 
a fair but a favorable representative of this form of sig- 
nal. The charges tired were for the most part those now 
(employed at Holyhead, Lundy Island, and the Kiah lights 
vessel — namely, 3 lbs. of powder. Gongs and bells were 
not included in tliis inquiry, because previous observations 
had clearly proved their inferiority to the trumpets and 
whistles. ^^M 

On the 19th of May the instnunents tested were: ^^M 
On tlie top of the cliff ' ^| 

a. Two brass trumpets or horns, 11 feet 2 inches long, - 
2 inches in diameter at the mouth-piece, and opening out 
at the other end to a diameter of 22^ inches. They were 
provided with vibrating steel reeds 9 iuches long, 2 inches 
wide, and i inch tliick, and were sounded by air of 18 lbs. 
pressure. 

b. A whistle, shaped like that of a locomotive, 6 inches 
in diameter, also sounded by air of 18 lbs. pressure. 

c. A steam- whistle, 12 inches in diameter, attached to 
a boiler, and sounded by steam of 64 lbs. pressure. 

At the bottom of the cliff : 

d. Two trumpet* or horns, of the same size and ar 
rangemeiit as those above, and sounded by air of the same 
pressure. They were mounted vertically on the reservoir 
of compressed air ; but within about two feet of their ex- 
tremities they were bent at a right angle, bo as to present 
their mouths to the sea. 

«. A G-inch air-whiatle, similar to the one above, and 
sounded ty the same means. 

The upper instruments were 235 feet above high* 
water mark, the lower ones 40 feet. A vertical distance 
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of 195 feet, tlierefore, separated the instruments. A eliaft, 
provided with s series of twelve ladders, led from the one 
to the other. 

Nuineroua comparative experiments made at the outset 
gave a slight advantage to the upper instruments. They, 
therefore, were for the most part employed throughout the 
suhsequent inquiry. 

Our first observations were a preliminai-y discipline 
rather than an organized eifort at discovery. On May 19th 
the maximum distance reached by the sound was about 
three and a half miles," The wind, however, was high and 
the sea rough, so that local noises interfered to some ex- 
tent with onr appreciation of the sound. 

Marinei-s express the strength of tlie wind by a seriefl 
of numbers extending from = calm to 12 =; a hurri- 
jane, a little practice in common producing a remarkable 
unanimity between different observers as regards the force 
of the wiud. Its force on May 19th was 6, and it blew 
at right angles to the direction of the sound. 

The same instruments on May 20tli covered a greater 
range of sound ; but not much greater, though the dis- 
turbance due to local noises was absent. At 4 miles, 
distance in the axes of tlie horns they were barely heard, 
tlie air at the time being calm, the sea smooth, and 
all other circumstances exactly those which have been 
hitherto regarded as most favorable to the transmission 
of sound. We crept a little farther away, and by stretched 
attention managed tu hear at intervals, at a distance of 6 
milcB, the faintest hum of the horns. A little farther out 
we again halted ; but though local noises were absent, and 
tliough we listened intently, we he-ard nothing. 

Tliis position, clearly beyond the range of whistles and 
trumpets, was expressly chosen with the view of making 
what might he considered a decisive comparative experi- 
 Id all OLffs naulkal miles tn mcnnt. 
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mcnt between liorna and gaas aa tn&tmmenU for fi^ 
signaling. TLe distinct report of the 12 o'clodc gen 

1 at Dover on the Idth snggeated this comparison, and 

High tlie prompt courtesy of General Sir A. H<MBford 
B were enabled to carry it ont. At 19,30 precisely the 
pnff of an 18-ponnder, with a ft-lb. charge, was seen at 
Dover Caetle, which was about s mile farther off than the 
South Foreland. Thirty-six seconds afterward the loud 
report of the gun was heard, its complete superiority over 
the trumpets being thus, to all appearance, detiionetrated. 

We clinched this observation by steaming out to a 
di-itance of SJ miliis, where the report of a second gun 
was well heard by all of us. At a distance of 10 miles the 
report of a third gun was heard by some, and at 9'7 milea 
the rcfiort of a fourth gun was heard by all. 

The result seemed ]>erfeetly decisive. Applying the 
law of inverse squares, the sound of the gun at a distance 
of 6 miles from the Foreland must have had more than 
two and a half times the intensity of the sound of the 
trumpets. It would not have been rash under the circum- 
stances to have reported without qualification the en- 
periority of the gnn as a fog-signal. No single experi- 
ment is, to my knowledge, on record to prove that a soitod 
once predominant would not be always predominant, or 
that the atmosphera on different days would show pi-ef- 
erencea to different sounds. On many subsequent oeca- 
sions, nowevei', the sound of the horns proved distinctly 
euperior to that of the gun. This selective power of the 
atmosphere revealed itself more strikingly in our niitninn 
experiments than in our summer ones; and it was some- 
. illustrated within a few hours of the same day : of 
two sounds, for example, one might have the greatest 
range at lU a. m., and the other the greatest ran^e at 2 p. m. 

In the experinienta on May IHtb and 20th the snperioi^ 
ity of Ihe trumpets over the whiotles was deddcd ; and in- 
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dct^d, with few exceptions, tliis euperiority was inaiDtaiued 
tliroughout the inquiry. But there were exceptiona. On 
June 2d, for example, the whistles rose in several iustancei 
lo full equality with, and on rare occasions subsequently 
Dven snrpaBsed the homa. The sounds were varied from 
day to dny, and various shiftings of the horns and reeda 
were resorted to, with a view of bringing out their maxi- 
mum power. On the date last mentioned a single born 
was sounded, two were sounded, and three were sounded 
together ; but the utmost range of the loudest sound, even 
with the paddles stopped, did not exceed 6 miles. With 
the view of concentrating theii power, the axes of the 
home had been pointed in the same direction, and, unless 
stated to the contrary, this in all subsequent experiments 
was the case. 

On JuuQ 3d the three guns already referred to were 
permanently mounted at the South Foreland. They were 
ably served by gunners from Dover Castle. 

On the same day dense clouds quite covered the firma- 
ment, some of them particularly black and threatening, bat 
a marked advance was observed in tlie transmissive power 
of the air. At a distance of C miles the hom-sounds were 
not quite quenched by the paddle-noises; at 8 miles the 
whistles were heard, and the horns better beard ; while at 
9 miles, with the paddles stopped, the hom-sounds alone 
were fairly audible. During the day's observations a 
remarkable and instructive phenomenon was observed. 
Over us rapidly passed a torrential shower of rain, which, 
according to Derham, is a potent damper of sound. Wfc 
could, however, notice no subsidence of intensity as the 
shower passed. It is even probable that, had our minds 
been free from bias, we should have noticed an augmenta- 
tion of the sound, such as occurred with the greatest di»- 
tinctnesB on various subsequent occasions during violent 
run. 




The influence of " beau" was tried on June 3d, I 
throwing the horns alightlj out of unison ; bnt though t' 
beats rendered tlie soand characteristic, tbev did not 8 
to augment the range. At a distance from the statiou 
curious Unctuations of inteneitj were noticed. Not onir 
did the different blasts vary in strength, but sudden awell 
ings and fallings off, even of the same blast, were observed 
This was not due to any variation on the part of the in- 
Btmments, bnt purely to the changes of the niediuin trav- 
ersed by the sound. Wliat these changes were shall be 
indicated subsequently. 

The range of our best horns on June iMth was S{ miles. 
Tlie guna at this distance were very feeble. That the 
loudness of the sound depends on the shape of the gun 
was proved by the fact that tlios far tlie howitzer, with a 
3-lb. charge, proved more effective than the other guns. 

On June 25th a gradual improvement in the transmis- 
Bive power of the air was observed from morning to even- 
ing ; but at the last the maximum range was only moderate. 
The fluctuations in the strength of the sound were remark- 
able, sometimes sinking to inaudibility and then rising to 
loudness. A similar effect, due to a similar cause, is often 
noticed with ehurch-belle. The acoustic transparency of 
the air was still further augmented on the 20th : at a dis- 
tance of 9i miles fram the station the whistles and horns 
were plainly heard against a wind witL a force of 4 ; while 
on the 25th, with a favoring wind, the maximum range 
was only 6^ miles. Plainly, therefore, something else 
than the wind must be influential in determining the 
range of the sound. 

On Tuesday, July Ist, observations were made on the 
decay of the sound at various angular distances from the 
axis of the horn. As might be expected the sound in the 
axis was loudest, the decay being gradual on both sidea 
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III the case of the giiii( however, the direction of pointing 
has very little influence. 

The day was acouatically clear ; at a distance of 10 
miles the horn yielded a plain sound, while the Anierican 
whistle seemed to surpass the horn. Dense baze at this 
time quite liid the Foreland. At lOJ miles occasionnl 
blasts of the horn came to ae, hut after a time all sound 
ceased to be audible; it seemed as if the air, after havmg 
been exceedingly transpareTit, had become gradually more 
opaque to the sound. 

At 4.45 p. M. we took the master of tlie Vame light- 
ship on board the Irene. He and his company had heard 
the sounil at intervals during the day, although he was 
dead to windward and distant 12| miles from the source of 
■ound. 

Here s word of reflection on our observations may be 
fitly introduced. It is, ae ali-eady shown, an opinion en- 
tertained in high quai-ters that the waves of sound are re- 
flected at the limiting surfaces of the minute particles 
which constitute haze and fog, the alleged waste of sound 
in fog being thus explained. If, however, this be an effi- 
cient practical cause of the stoppage of sound, and if clear 
iralm air be, as alleged, tlie best vehicle, it would be impos- 
sible to understand how to-day, in a tliick haze, the sound 
reached a distance of 13f miles, while on May 2t)th, in a 
calm and hazeless atmosphere, the maximum range was 
only from 5 to 6 miles. Such facts foreshadow a revolu- 
tion in our notions regarding the action of haze and fogs 
apon sound. 

An interval of 13 hours sufficed to change in a surpris- 
ing degree the acoustic transparency of the air. On the 
Ist of July the sound had a range of nearly IS miles; on 
the 2d the range did not exceed 4 miles. 
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I^CHB of a pri w cipfe to ciwPFt Am i 

The «0tmtm ntAM ly fte Jtw^ «■ Ae IWiaf Ifay 

«M S} nOn^M the aoih it vnSi »>«*;«■ tfeU of 
jBDeSmOw; on Oe 3d wm On ft bOw; oa the lOdi 
it«Mjl»9nnlM;flaae99thh&DtoClBBli»; €o kbe 
SMiit naeapitt to nMe AuHmOea; on tke IM of 
Jwh, m we hare joit aeen, it reecbed 1^, winr w vm tke 
Sd the tsage ■fanrnk to 4 miles. Seme of Am ■wto c iu ' 
lo^ed i|;entt otMcmd eo«U be m^led oatM tite cama 
of thwe i ncta ationt. The wind exerts ut aeknovfad^ed 
pow onr aatmd, but it eonki not aceooBt tor time jdia- 
DOmena. Od the 9Hh o( June, £or exunpl^ irhoi the 
range ma only 0^ milea, tlie wind wae EkTotaUe ; oa the 
S0th, wben the nn^ ezcMded 6i milea, it wh f^iposed 
to tfae •ottnd. Nor oonld tlie •nrr'mg optical deaniefls at 
the aimotphae be inrtAed m an eipUnatioo ; for on Joly 
1st, when tbe range waa ]2| miles, a thick base hid the 
white cliffs of the ForeUnd, while on inanj other dmja, 
when the acoiutic range was not half eo great, the atmoe- 
jAten waa optical]; clear. Up to Julv 3d all 'remained 
enigmatical ; but on this date obeerrations were made 
which seemed to me to displace BDrmise and perplexity by 
the dearer light of physical demoostratioa. 

g 4. Solution qf Coniradietioru. 
On July 3d we first steamed to a point 2'9 miles S, W. 
hy W. of the singal-Btation. No sounds, not even the 
d^ns, were heard at this distance. At S miles they were 
equally inaiidiMe. But thia being a position at which the 
sonnde, though strong in the axis of the horn, invariably 
snb^dcd, we steamed to the exact bearing from which our 
obscrvatiimi* liad been mode on July let. At 2.15 r. m., and 
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St a distAiice of 3J miles from tbe etation, with calm, clear 
iir and a smootli sea, the horDs aTid whistle (American) 
were sounded, but they were inaudible. Surprised at this 
result, I signaled for the guns. They were all fired, but, 
though the smoke seemed at hand, no sound whatever 
reached ua. On July let, in this bearing, the observed 
range of both horns and guns was 10^ miles, while on the 
bearing of the Vame light-vessel it was nearly 13 miles. 
We stc-amed in to 3 miles, paused, and listened with all 
attention ; but neither horn nor whistle was heard. Tho 
guns were again signaled for ; five of them were fired in 
succession, but not one of them was heard. We steamed 
on in the same bearing to 2 miles, and had the guns fired 
point-blank at us. The howitzer and the mortar, with 
3-lb. charges, yielded a feeble thud, while the 18-pounder 
was wholly unheard. Applying the law of inverse squares, 
it follows that, with the air and sea, according to accepted 
notions, in a far worse condition, the sound at 2 miles' dis- 
tance on July 1st must have had more than forty times the 
intensity which it possessed at the same distance at 3 p. h. 
on the 3d. 

"On smooth water," says Sir John Herschel, "sound 
is propagated with remarkable clearness and strength." 
Here was the condition ; still, with the Foreland so close to 
US, the sea so smooth, and the air so transparent, it waa 
difficult to realize that the guns had been iired or the 
trumpets blown at all. What could be the reason 1 Had 
tlie sound been converted by internal friction into heati 
or had it been wasted in partial reflections at the limiting 
surfaces of non-homogeneous masses of air ? I ventured, 
two or three years ago, to say something regarding the 
H fimction of the Imagination in Science, and, notwithstand- 
H ing the care then taken, to define and illustrate its real 
^B province, some persons, among whom were one or two 
H able men, deemed mi; loi.isc anil illogical. They mifw 
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nnderstood me. The facolty to which I referred was 
that power of vieualizing processes in space, and the rela- 
tions of space itself, which must be posBessed by all great 
phjBicistB and geometera. Looking, for example, at two 
pieces of polished steel, we have not a sense, or the nidi 
ment of a sense, to distinguish the inner condition of the 
one from tliat of the other. And yet they may differ 
materially, for one may be a magnet, the other not. What 
enabled Ampere to surround the atoms of stiiih a magnet 
with cliannels in which electric currents ceaselessly riin, 
and to deduce from these pictured cuiTents all the phe- 
nomena of ordinary magnetism i What enabled Faraday 
to visualize his lines of force, and make his mental pict- 
ure a guide to discoveries which have rendered his name 
immortaH Assuredly it was the disciplined imaginaticn. 
Figure the observers on the deck of the Ii-ene, with 
the invisible air stretching between them and the South 
Foreland, knowing that it contained something which 
stifled the sound, but not knowing what that something 
is. Tlieir senses are not of the least use to them ; nor 
could all the philosophical instruments in the world ren- 
der them any assistance. They could not, in fact, take a 
single step toward the solution without the formation of a 
mental image — in other words, without the exercise of the 
imagination. 

Sulphur, in homogeneous crystals, is exceedingly trans- 
parent to radiant heat, whereas the ordinary brimstone of 
commerce is highly impervious to it — the reason being 
that the brimstone does not possess the molecular con- 
tinuity of the crystal, but is a mere aggrei^ate of minuta 
grains not in perfect optical contact with each other. 
Where this is the case, a portion of the heat is always 
reflected on entering and on quitting a grain ; hence, when 
the grains are minute and numerous, this reflection is so 
often repeated that the heat is entirely wasted before it 
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can plaiige to any deptL into tlie Eubetiiiice. The eame 
remark applies to snow, foflni, clouds, and common Bait, 
indeed, to all transparent eubatances in powder ; tliej ara 
all impervioua to light, not through the immediate absorp- 
tion or extinction of the light, but through repeated inter- 
nal reflection. 

Humboldt, in his observations at the Falls of the 
Orinoco, is known to have applied these principles to 
sound. He found tlie noise of the falls far louder by 
night than bj day, though in that region the night is far 
noisier than the day. Tiie plain between him and the 
falls consisted of spaces of grass and rock intermingled. 
In the heat of the day lie found the temperature of the 
rock to be considerably higher than that of the grass. 
Over every heated rock, he concluded, rose a column of 
air rarefied by the heat ; its place being supplied by the 
descent of heavier air. He ascribed the deadening of 
the sound to the reflections which it endured at the limit- 
ing surfaces of the rarer and denser air. This philo- 
sophical explanation made it generally known that a non- 
homogeneous atmosphere is unfavorable to the transmission 
of sound. 

But what on July 3d, not with the varionsly-heated 
plain of Antures, but with a calm sea as a basis for the 
atmosphere, could so destroy its homogeneity as to enable 
it to quench in so short a distance so vast a body of sound 1 
My course of thought at the time was thus determined : 
As I stood upoa the deck of the Irene pondering tlie 
»lue8tion, I became conscionB of the exceeding power of 
the sun beating against my back and heating the objects 
me. Beams of equal jwiwer were falling on the sea, 
and must have produced copious evaporation. That the 
vapor generated should so rise and mingle with the air 
as to form an absolutely homogeneous medium, was in the 
liichest degree improbable. It would be sure, I thought. 
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to rUe in invisible Btreams, breaking through the Bnjicr- 
incumbent air now at one point, now at another, thus ren- 
dering tiie air Jfoeculent with wreatlis and slriffi, charged 
in different degrees with the buoyant vapor. At the 
limiting surfaces of theae spaces, though invisible, we 
should have the conditions necessary to llie production of 
partial echoes and the consequent waste of sound. Ascend- 
ing and descending oir-eurrents, of different tempera- 
tures, as far as they existed, would also contribute to the 
effect. 

Cnrioualy enough, the conditions necessary for the test- 
ing of this explanation immediately set in. At 3.15 p.m. 
a solitary cloud threw itself athwart the siin, and shaded 
the entire space between us and the South Foreland. 
The heating of the water and the production of vapor- 
and air-currents were checked by the interposition of this 
screen ; hence the probability of suddenly- improved trans- 
mission. To test this inference, the steamer was imme- 
diately turned and urged back to our last position of in- 
andibility. The eoimds, as I expected, were distinctly 
though faintly heard. Tliis was at 3 miles' distance. At 
3J miles, the gung were fired, both point-blank and ele- 
vated. The faintest pop was all tliat we heard ; but we 
did hear a pop, whereas we had previously heai'd nothing, 
either here or three-quarters of a mile nearer. We steanied 
out to 4^ miles, where the sounds were for a moment faint 
ly beard; but they fell away as we waited; and though 
the greatest quietness reigned on board, and though the 
sea was without a ripple, we could hear nothing. We 
could plainly see the steam-puffs which announced tlie be- 
ginuiug and the end of a series of trumpet-ljlasts, but the 
blasts themselves were quite inaudible. 

It was now i i', M., and my intention at first was to 
halt at this distance, which was beyond the sound-range, 
but not far beyond it, and see whether the lowering of the 
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iDti would not restore the power of tlie atmosphere to 
transmit the sound. But after waiting a little the anchor- 
ing of a boat was suggested, so as to liberate the steamer 
for other work ; and though loath to lose the anticipated 
revival of the sonnds myself, I agreed to this arrangement. 
Two men were plat-ed in the boat and requested to give all 
attention, bo aa to hear the sound if possible. With per- 
fect stilbiess around them they heard nothing. They 
were then instructed to hoist a signal if they should hear 
the sounds, and to keep it hoisted as long as the sounda 
continned. 

At 4.45 we quitted them and steamed towai-d the South 
Sand Head light-ship. Precisely 15 minutes after we had 
separated from them the flag was hoisted ; the sound had 
at length sncceeded in piercing the body of air between 
the boat and the shore. 

We continued our journey to the light-ship, went ou 
board, heard the report of the lightsmen, and returned tn 
our anchored boat. We then learned that when the flag 
was hoisted the horn-sounds were heard, that they were suc- 
ceeded after a little time by the whistle-sounds, and that 
both increased in intensity as the evening advanced. On 
our arrival, of course we heard the sounds ourselves. 

We pushed the test further by steaming farther out. 
At 5} miles we hatted and heard the sounds : at 6 milea 
we heard them distinctly, but so feebly that we thought we 
had reached the limit of the sound-range; but while we 
waited the sounds rose in power. We steamed to the 
Vamo buoy, which is 7| miles from the signal -station, and 
heard the sounds there better than at 6 miles' distunce. 
We continued our course outward to 10 miles, halted there 
for a brief interval, but heard nothing. 

Steaming, however, on to the Vame light-ship, which 
IB situated at the other end of the Yame shoal, we hailed 
the master, and were mformed b^^ him that up to 5 p. u 
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notliing liad becD heard, but that at tliat lioor the Bonodt 
begaa to be audible. lie described one of them as " very 
gi-oss, re&embUiig tlie bellowiug of a bull," which very ac- 
curately characterizes the sound of the large American 
Bl«am-whietle. At the Varae light-ship, thei-efore, the 
Aounds had been heard toward the close of the day, though 
it is 12} miles from the sign a] -station. I think it probable 
that, at a point 2 niilee from the Foreland, the sound at 5 
p. M. possessed fifty times the intensity which it posaesBcd 
at 2 p. M. To such undreamed-of Huctuationa is the atmos- 
phore liable. On our return to Dover Bay, at 10 p. m., we 
heard the sounds, not only distinct but loud, where noth- 
ing could be heard in the morning, 

§ 5. Other Ilemarkahle Instances of Aoouaiic Opacity. 

In liis excellent lecture entitled " Wirkungen aua der 
l-'erne," Dove has collected some etriking cases of the in- 
terception of sound. The Duke of Argyll has also favored 
me with some highly-interesting illuatrationa. But noth- 
ing of this description tliat I have read equals in point of 
interest the following account of tlie battle of Gaines's 
Farm, for which I am indebted to the Rector of the Uni- 
vereity of Vii^nia : 

" LTNCHBCRa, ViBfiiNiA, March 19, tS7(. 

" SiE : I have just read with great interest your lecture 
of January IGth, on the acoustic transparency and opacity 
<jf the atmosphere. The remai'kable observations you men 
tion induce me to state to you a fact which I have occft 
sionally mentioned, but always, where I am not well known, 
with the apprehension that my vera/jity would be ques- 
tioned. It made a strong impression on me at the time, 
but was an insoluble mystery until your discourse gave me 
a possible solution. 

"On the afternoon of June 28, 18G2, I rode, in com 
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paiij with General G. W. Eandolpli, tLen Secretary of 
War of the Confederate States, to Price's house, about nine 
miles from Richmond ; the evening before General Lee 
had begun his attack on McCIellan's army, by croasing the 
Cliickahominy about four miles above Price's, and driving 
in McCIellan's right wing. The battle of Gaines's Farm 
was fought the afternoon to which I refer. The valley of 
the Chickahominy is about one and a half miles wide from 
hil!-top to hill-top. Price's is on one hili-top, tliat nearest 
to Hichmond ; Gaines's farm, just opposite, is on the 
other, reaching back in a plateau to Cold Harbor. 

" Looking across the v^Uej I eaw a good deal of the 
battle, Lee's right resting in the valley, tlje Pederal left 
wing tlie same. My line of viKion was nearly in the line 
of the lines of battle. I saw tlie advance of the Confedei-- 
ates, their repulse two or tlu'ee times, and in the gray of 
the evening the final retreat of tlie Federal forces. 

" I distinctly saw the niusket-fire of both lines, the 
enioke, individual discharges, the flash of the guns, I saw 
batteries of artillei^ on both aides come into action and fire 
rapidly. Several field-batteriea on each side were plainly 
in sight. Many more were hid by the timber which bound- 
ed the range of vision. 

" Yet looking for nearly two hours, from about 5 to 7 
p. M. on a tniduumnier afternoon, at a battle in which at 
least 50,000 men were actually engaged, and doubtless at 
least 100 pieces of field-artillery, through an atmosphere 
optically as limpid as possible, not a single aovnd of the 
battle was audible to Genera! Randolph and myself. I re- 
marked it to him at the time as astonishing, 

" Between me and the battle was the deep broad valley 
of the Chickabominy, partly a swamp shaded from the de- 
eliiiiog sun by the hills and forest in the west (niy side). 
Part of the valley on each side of the swamp was cleared ; 
Ktms in cultivation, some not. Here were condilimis cupn- 
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ble of providing several belts of air, varying in the amonut 
of watery vapor {and probably in temperature), arranged 
like laminte at right angles to the acoustic waves aa I 
came from the battle-Seld to me. 

" Respectf uUj, 

" Yonr obedient servant, 

« R. G. H. Kkah. j 

I leai-n from a subsequent letter that during tlie b 
the air waa still. — J. T. 



§6. Echoes from IningHU Acotulia Clouds. 

Bnt both the argument and the phenouiena havt; a 
complementary side, which we hare now to consider. A 
stratum of air less than 3 miles thick on a calm day has 
been proved competent to sti^e both the cannonade and 
the horn-eounds employed at the South Foreland ; while, 
according to the foregoing explanation, this result was doe 
to the reflection of the eouud from iavisihle acoustic doudt 
which tilled the atmosphere on a day of perfect optical 
transparency. But, granting this, it is incredible that so 
great a body of sound could utterly disappear in bo short 
a distance without rendering some account of itself. Sap- 
posing, then, instead of placing ourselves behind the acona- 
tie cloud, we were to place ourselves in front of it, mi^ht 
we not, in aecoidanee with the law of conservation, expect 
to receive by reflection the sound which bad failed to reach 
ai by tpansmission 1 The cnse would then be strictly analo* 
gous to the reflection of light from an ordinary cloud to an 
observer between it and the sitn. 

My first care in the early part of the day in qneetion 
was to assure myself that our inability to hear the sound 
did not arise from any derangement of the instruments on 
sliore, Accompanied by the |irivate secretary of the 
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Deputy Master o£ the Trinity Hoase, at 1 f. u. I was 
rowed to the shore, and landed at the base of the South 
Foreland Cliff. The body of air which had already shown 
Buch extraordinary power to intercept the sound, and 
which manifested this power still more impressively later 
in the day, was now in front of* ns. On it the sonorous 
impinged, and from it they were sent back with 
astonishing intensity. The instniinents, hidden from view, 
were on the Buramit o£ a cliff 23J feet above us, the sea 
was smooth and clear of ships, the atmosphere was with- 
out a cloud, and there was no object in sight wliich could 
possibly produce the observed effect. From the perfectly 
transparent air the echoes came, at first with a strength 
apparently little less than that of the direct sound, and 
then dying away. A remark made by my talented com- 
panion in his note-boob at the time shows how the phe- 
nomenon affected him : "Beyond saying that the echoes 
seemed to come from the expanse of ocean, it did not 
appear possible to indicate any more definite point ot 
retlection." Indeed no such point was to be seen ; the 
echoes reached us, as if by magic, from the invisible 
acoustic clouds with which the optically transparent at- 
mosphere was filled. The existence of such clouds in all 
weathers, whether optically cloudy or serene, is one of the 
most important points established by this inquiry. 

Here, in my opinion, we have the key to many of the 
mysteries and discrepancies of evidence which beset tliia 
question. The foregoing observations show that there ia 
no need to doubt either the veracity or the ability of the 
conflicting witnesses, for tlie variations of the atmosphere 
are more than sufficient to account for theirs. The mis- 
take, indeetl, hitherto has been, not in reporting incorrect^ 
Ij, but in neglecting the monotonous operation of repeat- 
ing the observations during a sufficient time. I shall have 
occasiob to remark subsequently on the mischief likely to 



 



•rise from giving instractiona to mariners founded oa 
observations of thia incomplete character. 

It required, IioweTer, long pondering and repeated 
obeervation before this conclusion took firm root in my 
mind ; for it was oppo&ed to the reeulta of great observers, 

and to the statemente of celebrated writers. In science 
fts elsewhere, n inind of any depth which accepts a doo- 
trine undoiibtingly, discards it unwillingly. The question 
of aijrial echoes has an historic interest. While cloud- 
echoes have been accepted as demonstrated by observa- 
tion, it has been hitherto held as established that audible 
echoes never occur in optically clear air. We owe thia 
opinion to the admirable report of Arago on the experi- 
ments made to determine the velocity of sound at Mont- 
Ih^ry and Villejuif in 1S23.' Arago's account of the phe- 
nomenon observed by him and his colieagues is as fol 
lows : " Before ending this note we will only add that the 
shots fired at Montlh^ry were accompanied by a rumbling 
like tliat of thunder, which lasted from 20 to 25 sec- 
onds. Nothing of this kind occurred at Villejuif. Ont^ 
we Iieard two distinct reports, a second apart, of the 
MontlLcry cannon. In two other cases the report of the 
same guu was followed by a prolonged rumbling. These 
 Sir John Hcrachel gives the folloning SL-count of Arngo'a obscm. 
tioa: "Tho rolling of tLunder hsa been attributed (o echoes «.mong tha 
clouds ; and, if it is coonldercd tbttt  cloud is n colleclJOD of pftrticles of 
wBtcr, bovcier minute, in  liquid state, and tliereforo each individually 
capable of reflecting sound, there is no rcnaan wh; verir large iounda ahoold 
not be reverbenled confusedlj (like bright lights) from a clouiJ. And that 
•Qcli is the ease has been aEctrtalned bj direct obsurvallon on tbe eound of 
cannon. Kesara. Arago, Uatllileu, and Fron.T. in their Biperiments on tha 
Tclooitj of Bound, obacrrcd tiiat under a perfectly clear skj Iho eiploaioiu 
c( their giina irere aliraja single and aharp ; wlM^reas, when the abj wu 
OTercuat. and ercn when a cloud came in sight over any considerable part of 
the horizon, tlicr were frerguenily accompanied by a long-cominued roll like 
thunder."— (" Essay on Sound," par. 38.) The dialant clouds would implj • 
long inlerril betWL>i.'n eound and echo, but nothing of the kind is reported. 
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^H pbenomena never occurred witliout clouds. Under a clear 
^P sky the Bounds were single and inetan tan eons. Hay we 
not, therefore, conclude that the multiple reports of the 
Montlh^ry gun heard at Villejnif were echoes from the 
clouds, aud may we not accept this fact as favorable to 
the explanation given by certain physicists of the rolling 
of thunder ? " 

This explanation of the Montlh^iy echoes is an infei^ 

»ence from observations made at Villejnif. The inference 
requires quaMcation. Some Imndrods of cannon-sliotB 
have beeti fired at the South Foreland, many of them 
when the heavens were completely free from clouds, and 
never in a single ease has a roulement similar to that 
noticed at Montlhfiry been absent. It follows, moreover, 

I BO hot upon the direct sound as to present hardly a sensible 
breach of continuity between the sound and the echo. 
This could not be the case if the clouds were its origin. 
A refiet'ting clond, at the distance of a mile, would leave a 
Bilent interval of nearly ten seconds between sonnd and 
echo; and had snch an interval been observed at Mont^ 
Iherj, it could hardly have escaped record by the philoBO 
phei-8 stationed there ; but they have not recorded it. 

I think both the fact and the inference need recon 
BJdcration. For our observations prove to demonstration 
that air of perfect visual transparency is competent to 
produce echoes of great intensity and long duration. The 
subject is worthy of additional illustration. On the 8th 
of October, as already stated, the siren was established at 
the South Foreland. I visited the station on that day, 
and listened to its echoes. They were far more power- 
ful than those of the horn. Like the others they were 
perfectly continuous, and faded, as if into distance, gradu- 
ally away. The direct sound seemed rendered complex 
and multitudinous by its echoes, which resembled a band 
of truin|»oter8, first responding close at hand, and then re 




310 SOUSD. 

treating nipidly towaiil the coast of Franca The sireo- 
eclioes on that day had 11 socouds', tliose of the Lorn 8 

seconds' duration. 

In the case of tlie aii-en, moi'eover, the reenforcement 
of tliQ direct sound by its echo was distinct. About a 
Becond after the commencement of the siren-blast the echo 
■truuk in as a new sound. This tirst eclio, therefore, must 
have been flung back by a body of air not more than 600 
or 700 feet in thickness. The few detached clouds visible 
at the time were many miles away, and could clearly have 
had nothing to do with the effect. 

On tlie 10th of October I was again at the Foreland 
listening to tlie echoes, with resnlls similar to tliose just 
described. On the 15th I had an opportunity of remark- 
ing something new concerning them at Dungenees, where 
a horn similar to, but not so powerful as, those at the 
South Foreland, has been mounted. It rotates automati- 
cally through an arc of 310°, halting at four different 
points on the arc and emitting a blast of 6 seconds' dura- 
tion, these blasts being separated from eat-h other by inters 
vals of silence of 20 seconds. 

The new point observed was this : as the horn rotated 
the echoes weie always returned along the line in which 
the axis of the horn pointed. Standing either behind or 
in front of the lighthouse tower, or closing the eyes so as 
to exclude all knowledge of the position of the horn, the 
direction of its axis when sounded could always be inferred 
from tlic direction in which the aerial echoes reached the 
shore. Not only, therefore, is knowledge of direction 
given by a sound, but it may also be given by the a&rial 
echoes of the sound. 

On the 17th of October, at about 5 p. m., the air being 
perfectly free from clouds, we rowed toward the Foreland, 
landed, and passed over the sea-weed to the biise of tlie cliff. 
Aa 1 reached the base the position of the *' Galatea " wai 
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Bucli tliat an eclio of astonishing inteneitj' was sent Iwck 
from her side; it came as if from an independent Bource 
of Bound estaliHshed on hoard the steamer. This echo 
ceaaed suddenly, leaving the aei'ial echoes to die gradually 
into silence. 

At the base of the clifE a series of concurrent observa- 
tions made the duration of the aerial siren-echoes from 13 
to 14 seconds. 

Lj-ing on the shingle under a projecting roof of chalk. 
the soinewhat enfeebled diffracted sound reach^ ine, and 
I was able to hear with great distinctness, about a second 
after the stai-ting of the siren-blast, the echoes striking in 
and reenforcing the direct sound. The first rush of echoed 
eaund was very powerful, and it came, as usual, from a 
stratum of air 600 or 700 feet in thickness. On again 
testing the duration of the echoes, it was found to be from 
li to 15 seconds. The perfect clearness of the afternoon 
c-flut>ed me to choose it for the examination of the echoes. 
It is worth remarking that this was our day of longest 
echoes, and it was also our day of greatest acoustic trans- 
parency, this association suggesting that the duration of 
the echo is a measure of the atmospheric deptjia from which 
it comes. On no day, it is to be remembered, was the at- 
mosphere free from ini'ifiible acoustic clouds ; and on this 
day, and when their presence did not prevent the direct 
Bound from reaching to a distance of 15 or 16 nsntical 
miles, they were able to send us echoe-s of 15 seconds' 
duration. 

On various occasions, wlien fully three miles from the 
shore, the Foreland hearing north, we have had the dis- 
tinct echoes of the siren sent back to us from the cloud- 
less eouthern air. 

To sum up this question of aerial echoes. Tlie siren 
Bounded three blasts a niinnte, each of 5 seconds' duration. 
From the numher of days and the number of hours pei 
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i%y during wliic-h the instrnment was in action we vsii 
infer the number of blasts. Tliey reached nearly twenty 
thonnand. Tlie blasts of the homs exceeded this nuntber, 
while hundreds of shota were fired from the guns. What- 
ever might be the slate of the weather, doudy or serene, 
stormy or calm, the aerial echoes, though varying ia 
strength and duration from day to day, were never absent ; 
and on many days, " under a perfectly clear sky," they 
reached, in the case of the siren, an astonishing inteneity. 
It is doubtless to these air-echoes, and not to cloud-cchoe3, 
that the rolling of thunder ia to be ascribed. 

§ 7. Ecj>€rimenUil Demorutraiion of Refection from 
Gasea, 

Thus far we have dealt in inference merely, for the 
interception of sound througli aerial reflection has never 
been experimentally demonstrated ; and, indeed, according 
to Arago's observation, which has hitherto held undisputed 
possession of the scientific field, it does not sensibly exist. 
But the strength of science consists in verification, and I 
was anxious to submit the question of aerial rellectioa to 
an experimental test. The knowledge gained in the last 
lectura enables us to apply such a test; but, as in most 
similar cases, it was not the simplest combinations that 
were first adopted. Two gases of different densities were 
to be chosen, and I chose carbonic acid and coal gas. With 
tiie aid of my skillful assistant, Mr. John Cottrell. a tunnel 
was formed, across which tive-and-twenty layers of carbonic 
acid were permitted to fall, and five-and-twenty alternate 
layers of coal-gas to rise. Sound was sent thj-ough this 
tunnel, making fifty passage from medium to medium in 
itfl course. These, I thought, would waste in aerial echoes 
a sensible portion of sound. 

To indicate this waste an objective test was found in 
une of the sensitive flames described in the last chapter 
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Acqnainted with it, we are prepared to understand a 
drawing and deecriptioii of the apparatus first employed 
in the demonstration of aerial reflection. The following 
clear account of the apparatus was given by a writer in 
Nature, February 5, 1874 : 

"A tunnel 1 1' (Fig. 14(>), 2 in. square, 4 ft. 8 in, long, 
ojien at both ends, and having a glaea front, runs through 
the box abed. The spaces above and below are divided 
into cells opening into the tunnel by transverse orifices 
exactly corresponding vertically. Each alternate cell of 
the upper series — the 1st, 3d, utb, etc. — communicateB by 
a bent tube (e e 0) with a common upper reservoir (1/), ita 
counterpart cell in the lower series having a free outlet 
into the air. In like manner the 2d, 4th, 0th, etc., of the 
lower series of cells are connected by bent tubes (n n n) 
with the lower reservoir (i), each having its direct passage 
into the air thi'ough the cell immediately above it. Tlie 
gas-distributors (j and *) are filled from both ends at the 
same time, the upper with carbonic-acid gas, the lower 
with coal-gas, by bi-anehes from their respective supply- 
pipes (/"and h). A well-padded box (p) open to the end of 
the tunnel forms a little cavern, whence the sound-waves 
are eent forth by an electric bell (dotted in the figure). A 
few feet from the other end of the tunnel, and in a direct 
line with it, is a sensitive flame (i), provided with a fun- 
nel as sound-collector, and guarded from chance currents 
by a shade. 

" The bell was set ringing. The flame, with quiclc re- 
Hponse to each blow of the hammer, emitted a sort of 
musicn. roar, shoi-tening and lengthening as the succes- 
sive sound-pulses reached it. The gases were then ad- 
mitted. Twenty-five flat jets of coal-gas ascended from 
the tubes below, and twenty-five cascades of carbonic 
acid fell from the tubes above. That which was an ho- 
mogeneous medium had now fifty limiting surfaces, from 
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each of which a portion of the sound was thrown back. 
In a few moments these successive reflections became so 
effective that no sound having sufficient power to affect 
the flame could pierce the dear, optically -transparent, 
but acoustically -opaque, atiuospliere in the tunnel. So 
long as the gases continued to flow the ffatne remained 
perfectly tranquil. "When the supply was cut off, tlie 
gHsea rapidly diffused into the air. The atmosphere of 
the tunnel became again homogeneous, and therefore 
acoustically transparent, and the flame responded to each 
60und-pulse as before," 

Not only do gases of different densities act thus upon 
sound, but atmospheric air in layers of different tempera- 
tures does the same. Across a tunnel resembling 1 1', Fig. 
14G, sixty-six platinum wires were stretched, all of them 
being in metallic connection. The bell, in its padded box, 
was placed at one end of the tunnel, and tlic sensitive 
flame k, near its fiaring-point, at the other. When the 
bell rang the flame flared. A current from a strong vol- 
taic battery being sent through the platinnm ivires, they 
became heated : layers of warm air rose from them through 
the tunnel, and immediately the agitation of the flame 
was stilled. On stopping the current, the agitation recom- 
meuced. In this expenment the platinum wires had not 
reached a red heat. Employing half the number and the 
battery, they were raised to a red heat, the action in 
this case upon the sound-waves being also energetic. Em- 
ploying one-third of the nmnber of wires, and the same 
strength of battery, the wires were raised to a white heat. 
Hero also the flame was immediately rendered tranquil by 
tlie stoppage of the sound. 



ction from Vapors. 
But not only do gases of different densities, and air of 
different temperatures, act thus upon sound, but air satu 
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rated in different degrees, with the vaiwre of volatile 
liqnidE, can be shown by experiment to produce the same 
effect. Into the path pureued by the carbonic acid in onr 
tirst esperirneut a flask, which I have frequently employed 
to charge air with vapor, was introduced. Thj-ough a 
volatile liquid, partially tilling the flask, air was forced into 
tlie tunnel t i', which was thus divided into spaces of air 
Baturated with the vapor, and other Spaces in their ordi- 
nary condition. The action of such a mediuoi npon the 
Bouud-waves issuing from the bell is very energetic, in- 
stantly reducing the violently-agitated iiame to stillness 
and steadiness. The removal of the heterogeneous niediuui 
instantly restores the noisy flaring of the tiame, 

A few illustrations of the action of non-homogeneous 
atmospheres, produced by the saturation of layers of air 
with the vapors of volatile liquids, may follow here; 

bisulphide of Carhon. — Flame very sensitive, and 
noisily responsive to tlie sound. The action of the non- 
homogeneous atmosphere was prompt and strong, stilling 
the agitated flame. 

CMorqform. — Flame still very sensitive; action simi- 
lar to the last. 

Iodide of Methyl. — Action prompt and energetic, 

Amylene. — Very fine action; a short and violently- 
agitated flame was immediately rendered tall and quies- 
cent. 

Sulphuric Eth£r. — Action prompt and energetic. 

The vapor of water at ordinary temperatures is so small 
in quantity and so attenuated, that it requires special 
precautions to bring out its action. But with such pre- 
cautions it was found competent to reduce to quiescence 
the sensitive flame. 

As the ekdl and knowledge of the experimenter aug^ 
meiit he is often able to simplify his experimental combi- 
Uiitions. Thus, in the present instance, by the suitable 
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arrangement of the source of sound and the BenBitive 
flame, it was found tliat not only twenty-five layers, but 
three or four layers of coal-gas and carbonic acid, sufficed 
to still the agitated flame. Kay, with improved manip- 
ulation, the action of a single layer of eitlier gas was 
rendered perfectly sensible. So also as regards heated 
layers of air, not only were sixty-six or twenty-t\i'o 
heited platinum vrires found sufficient, but tlie heated air 
from two or three candle-flames, or even from a single 
flame, or s healed poker, was found perfectly ix>mpeteiit 
to stop the flame's agitation. The same remark applies 




to vapors. Three or four heated layers of air, saturated 
with the vapor of a volatile liquid, stilled the flame; and, 
by improved manipulation, the action of a single saturated 
layer could be rendered sensible. In all these cases, 
moreover, a small, high-pitched reed might be substituted 
for the bell. 

My assistant has demised the simple apparatns sketched 
in Fig. 147, for showing reflection by gases, vapors, and 
heated air. At the end A of the square pipe a a is a small 
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vibrating reed of high pit«b, the »}und of which violently 
agitates tlie senaitiTe flame/l To the horizontal tube j^^' 
are attached funr small burners, and above thera four chini- 
oeyB, through which the heated gases fi'Oin the flames can 
ascend into a b. When the coveringa of the chimneja 
are removed and the gas in ignited, the air within a b ia 
rendered rapidly non-horaogeneous, and immediately stills 
the agitated 0ame. 

The pipe ab mny le turned upside down, an orifice 
Been between a and b fitting on to the stand which sup- 
ports the tube. The conduit t leads into a shallow reetau- 
gular box, which couimuuieatea by a series of transverse 
apertures with ab. When air, saturated with the vapor 
of a volatile liquid, is forced through these apertures, the 
atmosphere in a b is immediately rendered heterogeneous, 
the agitated flame being as rapidly stilled. 

In the experiments at the South Foreland, not only 
was it proved that the acoustic clouds stopped the sound ; 
but, in the proper position, the sounds which had been re- 
fused transmission were received by reflection. I wished 
very much to render this echoed sound evident experi- 
mentally; and stated to my aasistant that we ought to be 
able to accomplish this. Mr. Cottrell met my desire by 
the following beautiful experiment, which has been thoa 
described before the Koyal Society : 

" A vibrating reed b (Fig. 148) was placed so as to send 
eound-waves through a tin tube, 3S inches long, and IJ 
inch diameter, in the direction b a, the action of the 
sound being rendered manifest by its causing a sensitive 
flame placed at y' to become violently agifated. 

" The invisible heated layer itnraediately above tlie lu- 
minous portion of an ignited coal-gas flame issuing from 
an ordinary bat's-wing burner was allowed to sti'eam up- 
ward across the end a of the tin tube. A portion of the 
sound issuing from the tube was reflected at the limiting 
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nirfaces of the heated layer; tlie pai-t traasniitted being 
Qow only cotnpeteut to elightlj agitate the sensitive Qame 
fttr'. 

" The heated layer was then placed at such an angle 
that the retlected portion of the sound was sent through & 
second tin tube, a f (of the same dimensions as s a). 
Its action was rendered visible by causing a second seoai- 
tive flame placed at the end of the tube at f to hecoine vio- 
lently affected. This echo eoutinued active as long ae the 
heated layer intervened ; but upon its withdrawal tlie sen- 
sitive flame placed at t', receiving the whole of the direct 
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pulse, liLL.imi, agjin violently agitated, and at the same 
moment the sensitive Uame at f, ceasing to be affected by 
the echo, resumed its former tranquillity. 

" Exactly tlie same action talces place when the luminous 
portion of a gas-flame is made the reflecting layer ; but in 
the exjwriments above described the invisible layer above 
the flame only was used. By proper adjustment of the 
pressure of the gas the flame at f' can be rendered so 
moderately sensitive to the direct sound-wave that the 
portion transmitted through the reflecting layer shall be 



(ncompetent to affect the flame. Then bj the iiitroductioQ 
and withdrawal of the bat'E-wing flame the two sensitive 
tiamee can be reudered alteroatelj quiescent and stronglj 
agitated. 

" An illustration is here afforded of the perfect analogy 
between li^ht and sound; for if abeam of light be pro- 
jected from B to s\ and a plate of glass be introdueed 
at A in tlie exact position of the reflecting layer of gas, 
the beam will be divided, one portion being reflected in 
the direction a f, and the other portion transmitted 
through the glass toward f', exactly as the sound-wave is 
divided into a reflected and transmitted portion by Uie 
layer of heated gas or flame." 

Thus far, therefore, we have placed our subject in the 
firm grasp of experiment ; nor shall we find this test fail- 
ing us fm-ther on. 
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raVEBTIOATION OF THE CAUSES WHICH HATE mXBERTO BEEN 
StrrPOSED EFFECnVE IN PEEVENTINO THE TBANBl 
OF 60D*ND TIIKOOGH THE ATMlffiPHEKE. 



AclioB of Iluil and Rain,— Action of Snow.— Action of Fog; Obsprralioni 
In London. — EiperimrntB on Arlificinl Fogg. — Observ»tioni on Fogs tl 
the South Foreland. — Action of Wind, — Almospherio Selection. — Influ- 
ence of Sound^Shudov. 

§ 1. Action of Ilail and liain. 
In the first part of this chapter it was demonstrateil 
that the optic transparency and acoustic transparency of 
om' atmosphere were by no means necessarily coincident; 
that on days of marvelous optical cleamoas the atmosphere 
m^y bo filled with impervious acoustic clouds, while dajr 
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optically tttibid may be acoustically clear. "We have now 
to consiiler, in detail, theinflaenee of various sgents which 
have hitherto been considered potent in reference to the 
tranamiBsion of sound through the atmosphere. 

Derham, and after him alt other writers, consldeit^ 
t!iat falling rain tended powerfully to obstruct sound. An 
observation on June 3d has been already referred to as tend- 
ing to throw doubt on this conclusion. Two other crucial 
instances will suffice to show its untenability. On the 
morning of October 8th, at 7.45 a. m., a thunderstorm 
accompanied by heavy rain broke over Dover. But the 
clouds subsequently cleared away, and the sun shone 
strongly on the eea. For a time the optical clearness of 
the atmosphere was extraordinary, but it was acoustically 
opaque. At 2.30 p. m. a densely-black scowl again over^ 
spread the heavens to the W. S. W. The distance being 
6 miles, and all hushed on board, the horn was heard very 
feebly, the siren more distinctly, white the howitzer was 
better than either, though not much superior to the siren. 

A squall approached ua from the west. In the Aipa 
or elsewhere I have rarely seen the heavens blacker. 
Vast cumuli floated to the N. E. and S. E. ; vast streatnera 
of rain descended in the W. N. W. ; huge scrolls of cloud 
hung in the N. ; but spaces of blue were to be seen to the 
N. N. E. 

At 7 miles' distance the siren and horn were both feeble, 
while the gun sent us a very faint report. A dense shower 
now enveloped the Foreland. 

The rain at length reached us, falling heavily all the 
way between us and the Foreland ; but the sound, instead 
of being deadened, rose perceptibly in power. Hail was 
new added to the rain, and the shower reached a tropical 
violence, the hailstones floating thickly on the flooded 
deck. In the midst of this furious squall both the horns 
and the eiren were distinctly heard; and as the iliower 




lightened, tlius lessening tbe local pattering, the sounds bo 
rose in power that we heard them at a distance of 7^ miles 
distinctly louder than they hiid heen heard tliroiigh the 
rainless atmosphere at 5 mites. 

At 4 p. u. the rain had ceaBed and the sun shoue clearly 
through the calm air. At 9 miles' distance the hont wae 
heard feebly, the siren clearly, while the howitzer sent ii9 
a lond repoil. All the sounds were better heard at this 
distance than they had previously been at 5J miles ; from 
which, by the law of iiiTerse squares, it follows that the 
intensity of the sound at 5^ miles' distance must Imvebeeu 
augmented at least threefold by the descent of the rain. 

On the 23d of October our steamer had forsaken lis 
for shelter, and I sought to turn the weather to account 
by making other observatious on both sides of the fog- 
signal station. Mr. Douglass, the chief-engineer of the 
Trinity House, was good enough to undertake the obser- 
vations N, E. of the Foreland ; while Mr. Ayere, the 
assistant engineer, walked in the other direction. At 
12.50 p. M. the wind blew a gale, and broke into a thunder- 
storm ^'ith violent rain. Inside and outside the Ooruhill 
Coast-guard Station, a mile from the instrumenta in the 
direction of Dover, Mr. Ayers heard the sound of the 
siren through the storm ; and after tlie rain had ceased, 
all sounds were heard distinctly louder than before. Mr. 
Douglass had sent a fly before him to Kiugsdown, and tlio 
driver had been waiting for fifteen minutes before lie ar- 
rived. During this time no sound had been heard, though 
40 blasts had been blown in the interval ; nor bad the 
coast-guard man on duty, a practised observer, heai'd any 
of them throughout the day. During the thunderstorm, 
and while the rain was actually falling with a violence 
which Mr. Douglass describes as perfectly torrential, the 
sounds became audible and were heard by all. 

To mill, in short, I have never been able to trace the 
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aligliteet deadening mflnence npon sound. Tlic reputed 
barrier ofEered by " thick weatlier " to the pasaige of sound 
was one of the causes whieli tended to produce besitation 
in establishing Bonnd-signals on our coasts. It ie to be 
hoped that the removal of tliia error may redound to tlio 
advantage of comiug generations of seafaring men. 

§ 2. Actum of Snow. 

Falling snow, according toDerbain, is the most serioiiB 
obstacle of all to the transmission of sound. We did not 
estend our observations at the South Foreland into snowy 
weather ; hut a previous observation of my own bears di- 
rectly upon tbia point. On CbriI^t mas-night, 1859, I ar- 
rived at Chamouni, throogb snow so deep as to obliterate 
the road-fences, and to render the labor of reaching the 
village arduous in the extreme. On the 2fith and 27tb it 
fell heavily. On the 27tb, during a Iu)l in the storm, I 
reached the Montavert, sometimes breast-deep in snow. 
On the 2Sth, with great difficulty, two lines of stakes were 
set out across the glacier, with the view of determining its 
winter motion. On the 29th the entry in my journal. 
written in the morning, is : " Snow, heavy snow ; it musi 
have descended through the entire night, the quantity 
freshly fallen is so great," 

Under these circumstances I planted my theodolite 
ieeide the Mer de Glace, having waded to my position 
timngb snow, which, being dry, reached nearly to my 
breast. Assistants were sent across the glacier with in- 
structions to measure the displacement of a transverse line 
of stakes planted previously in the snow. A storm drifted 
up the valley, darkening the air as it approacbed. It 
reached us, tbe snow falling more heavily than I had ever 
Been it elsewhere. It soon formed a heap on tbe theodo- 
lite, and thickly covered my own clotlies. Here, then, waa 
combination of snow in the air. and of soft fresh enow 
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on tlie ground, such as Derham could lianlly have enjojod ; 
still tliroiigb such an atmosphere I waa able to make my 
iiistructioiiB audible quite across the glacier, the distance 
being hall' a mile, while the experiment was rendered re- 
ciprocal hj one of my assistants making bis voice aadiblo 
Id mc. 

§ 3. Passage of Smtnd through Texlle J^abrics, 
thrmigh Artificial Showers. 

The flakes liere were so thick that it was only at in- 
teiTals that I ivas able to pick up the reti-eating forms oi 
the men. Still the air through which the flakes fell waa 
coiitiniioiia. Did the flakes merely yield passively to the 
sonorous waves, swinging like the particles of air them- 
selves to and fro as the sound-waves passed them ? Ordi 1 
the waves lM:nd by diffi-action round the flakes, and emerge 
from them without sensible lossi Experiment will &id us 
here by showing the astonishing facility with which sound 
makes its way among obstacles, and passes through tissues, 
£0 long as the continuity of the air in their interstices is 
preserved. 

A piece of millboard or of glass, a plank of wood, or the 
hand, placed across the open end f of the tunnel abed, 
Fig. 146 (page 314), intercepts the sound of the bell, 
placed in the padded box P, and stills the sensitive 
flame k. 

An ordinai'y cambric pocket-handkerchief, on tlie other 
hand, placed across the tunnel-end produced hardly an ap- 
jjreciabic effect upon the sound. Through two layers i»t 
the handkerchief the flame was strongly agitated ; through 
four layers it was still agitated ; while through six layei's, 
thuugh nearly stilled, it was not entirely so. 

Dipping the same handkerchief into water, and stretch- 
ing a single wetted layer across the tunnel-end, it stilled 
the flame as effectually as the tnillboard or the wood 
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Hence tlie conclusion that the eound-wavea in the first in- 
stance passed through the interstices of the cambric. 

Through a single layer of thin silk the sound passed 
ftithout sensible interruption ; through six lasers the dame 
was strongly agitated; while through twelve layers the 
agitation was quite perceptiMe. 

A single layer of this silk, when wetted, stilled the 
■flame. 

A layer of soft lint produced but little effect upon the 
Bound ; B layer of thick flannel was almost equally ineffect- 
ual. Through four layers of flannel the flame was per- 
ceptibly agitated. Through a single layer of green baize 
the sound passed almos_t as fieely as through air; through 
lyers of the baize the action was still sensible. 
Through a layer of close hard felt, half an inch thick, the 
eolind-waves passed with sufficient energy to sensibly agi- 
tate the flame. Through 200 layers of cotton-uet tlie sound 
passed freely. I did not witneea these effects without 
astonishment. 

A single layer of thin oiled sillr stopped the sound and 
stilled the flame. A leaf of common note-paper, or a five- 
pound note, also stopped the sound- 

The sensitive flame is not absolutely necessary to these 
experiments. Let a ticking watch be hung six inches 
from the ear, a cambric handkerchief dropped between it 
and the ear scarcely sensibly affects the ticking; a sheetof 
oil-skin or an intensely heated gas-column cuts it almost 
wholly off. 

But though oiled silk, foreign post, orabank-note, cnri 
stop the sound, a film sufficiently thin to yield freely to 
the aerial pulses transmits it. A thick soap-film pi-oducoa 

Lan obvious effect upon the sensitive flame ; a very thin one 
does not. The augmentation of the transmitted snnnd 
may be observed simnUaneously with the generation and 
brightening of the colors which indicate the increnpiiia 
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tliinness of tlie film. A verj' thin collodion-film acts to 
the sanie way. 

Acquainted with the foregoing facts regarding the pas- 
sage of Bound through cambric, silk, lint, fiannel, bsise, 
felt, and cotton-net, jou are prepared for the statement 
that the sound-waves pass without sensible impediment 
through heavy artificial showers of rain, hail, nnd 6now. 
Water-drops, seeds, sand, bran, and fiocculi of varioua 
kinds, have been employed to form such ahowers ; tlirough 
all of these, as through the actual rain and hail already de- 
ecnbed, and through the snow on the Mer de Glace, the 
sound passes without ecusible obstruction. 

§ 4. Action of Fog. Ohaervationa in London. 

But the mariner's greatest enemy, fog, is sriU to be 
dealt with ; and here for a long time the proper conditions 
of experiment 'were absent. Up to the end of Kovember 
we had had frequent days of haze, eufliciently thick to ob- 
scure the white cli2s of the Foreland, but uo real fog. 
Still those cases furnished domonstrattve evidence that tlie 
notions entertained regarding the reflection of sound by 
suspended partitiles wei-e wrong ; for on many days of the 
tliickest haze the sound covered twice llic range attained on 
other days of perfect optical transparency. Such instxincea 
dissolved the aGsociution hitherto assumed to exist between 
acoustic transparency and optic transparency, but they left 
tlie action of dense fogs undetermined. 

On December 9th a memorable fog settled down on 
I^ndon. 1 addressed a telegram to the Trinity Honse 
suggesting some gun obBei-vations. With characteristic 
promptness came the reply that they would be made in 
the afternoon at Blaekwall. I went to Greenwich in the 
hope of hearing the gims across the river; but the delay 
of the train by the fog rendered my arrival too late. Over 
the river the fog waa very dense, and thro'igh it cnine 
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rariouB Eouiids with great dietinctneBs. The signal-bell of 
ftn unseen barge rang clearly out at intervals, and I could 
plainly hear the lianimering at Cubitt's Town, half a mile 
away, on the oi»posite side of the river. Nu deatleuiiig of 
the Eound by the fog was apparent. 

Through this fog and various local noises, Captain At- 
kins and Mr, Edwards heard the report of a 12-pounder 
cari-onade with a 1-lb. charge diBtiuctly better than the 
18-pounder with a 3-lb. charge, an optically clear atmos- 
phere, and all noise absent, on July 3d. 

Anxious to turn to the best account a phenomenon for 
which we bad waited so long, I tried to grapple with the 
problem by experiments on a small scale. On the 10th, I 
stationed my assistant with a whistle and orgnn-pipe on 
the walk below the southwest end of the bridge dividing 
Hyde Park from Kensington Gardens. From the eastern 
end of the Seqientine I heard distinctly both the whistle 
and the pipe, whicli produced 380 waves a second. On 
changing places with my assistant, I heard for a time 
the distinct blast of the whistle only. The deeper note 
of the organ-pipe at length i-eached me, rising sometimes 
to great distinctness, and sometimes falling to inaudi- 
bility. The whistle showed the same interraittence as to 
period, but in an opposite sense ; for, when the whistle 
was faint, the pipe was strong, and vice versa. To obtain 
the fundamental note of the pipe, it bad to be blown 
gently, and on the whole the whistle proved the most 
efficient in piercing the fog. 

An extraordinary amount of sound tilled the air during 
these experiments. The resonant roar of the Uayswater 
Bnd Knightabridge roads ; the clangor of the great bell 
of Westminster; the rail way- whistles, which were frfr 
quently blown, and the fog-signals exploded at the varioiia 
metropolitan stations, were all heard with extraordinary 
intensity. This could by no means be reconciled willi the 




Rtatetneiits ao categorically made regarding the ftcun 
iinyraiietrability of a London f 

On tile 11th of December, the fog Iwiiig denser thaii" 
befoie, I heard every blast of the whistle, and occasional 
blnfite of the pipe, over the distance between the bridge 
and the eastern end of the Serpentine. On joining n)j- 
SBBistant at the bridge, the loud concueeion of a gun was 
heard by both of us. A police-inspector affirmed that it 
came from Woolwich, and that he had heard several sho(8 
about 2 F. M. and previously. The fact, if a fact, was of 
the highest importance ; bo I immediately telegraphed to 
Woolwich for information. Prof. Abel kindly furnished 
me with the following particulars: 

" The firing took place at 1-40 p. m. The guns proved 
were of comparatively sraall size — 64-pounder8, with 10-lb. 
cbnrges of powder. 

"The concussion experienced at my house and office, 
about three-quarters of a mile from the butt, was decidedly 
more severe than that experienced when the heaviest guns 
are proved with charges of 110 to 120 lbs. of powder. 
There was a dense fog here at the time of tiring." 

These were the guna heard by the police-inapcctor ; on 
subsequent inquiry it was ascertained that two guns were 
fired about 3 p. si. These were the guns heard by myself. 

Prof. Abel also communicated to me the following 
fact : " Our workman's bell at the Areenal Gate, which i? 
of moderate size and anything but clear in tone, is pretty 
distinctly heard by Prof. Bloxam only when the wind 
ia northeast. During the whole of last week the bell 
was heard with gi'eat dietinctnees, the wind being south- 
westerly {opposed to the soimd). The distance of the bell 
from Cloxam's house is about three-quarters of a mile aa 
the crow flies.*' 

Assuredly no question of science ever stood so macb 
in need of revision as this of the transmission of soand 
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tbrough the atmoBpliere. Slowly, but sorely, we niaatered 
the qneBtion ; and the furtlier we advanced, the more 

plainly it appeared that our reputed knowledge regarding 
it waa erroneous from beginning to end. 

On the uioniing of the 12th the fog attained its maii- 
luum density. It was not possible to read at my window, 
which fronted tho open western sky. At 10.30 I sent an 
assietant to the oridge, and listened for his whistle and 
pipe at the eastern end of the Sei-penfine. The whistle 
rose to a slirillneBs far surpassing anything previously 
heard, but it sank sometimes almost to inaudibility ; 
proving that, though the air was on the whole highly 
homogeneous, acoustic clouds still drifted through the fog. 
A second pipe, which was quite inaudible yesterday, was 
plainly heard this morning. We were able to discourse 
across the Serpentine to-day with much greater ease than 
yesterday. 

During our summer observations I had once or twice 
been able to fix the jwsition of the Foreland in thick haze 
by the direction of the sound. To^lay my assistant, hid- 
den by the fog, walked up to tlie Watermen's Boat-house 
sounding his whistle ; and I walked along the opposite side 
of the Serpentine, clearly appreciating for a time that the 
line joining us was oblique to the axis of the river. Com- 
ing to s point which seemed to be exaetiy abreast of liim, 
I marked it ; and on the following day, when the fog had 
cleared away, the marked position was found to be per- 
fectly exact. Wlien undisturbed by echoes, the ear, with 
a little pi-actice, becomes capable of fixing with great pre- 
cision the direction of a souud. 

On reaching the Serpentine this morning, a peal of 
bells, which then began to ring, seemed so close at hand 
that it required some reflection to convince me that they 
were ringing to the north of Hyde Parlt. The sounds 
fluctuated wonderfully in power. Prior to the striking of 
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eleven by the great bell of Westminster, a nearer boll 
struck with loud clangor. The tirat live strokes of the 
Westminster bell were afterward heard, one of them being 
extremely loud ; but the last six strokes were inaudible. 
An assistant was stationed to attend to the 12 o'clock bells. 
The clock which liad struck so loudly at 11 was unheard 
at 13, while ot the Westminster bell eight strokes out of 
twelve were inaudible. To such astonishing changes is the 
atiiiosphei-e liable. 

At 7 P.M. the Westminter bell, etrikina; seven, was not 
at all heard from the Serpentine, while the nearer bell 
already alluded to was heard diatiuetly. The fog bad 
cleared away, and the lamps on the bridge could be seen 
from the eastern end of the Serpentine burning brightly; 
but, instead of the sound sharing the improvement of the 
light, what might bo properly called an acoustic fog took 
the place of ita optical predecessor. Several series of 
the whistle and organ-pipe were sounded in succesdon ; 
one series only of the whistle-soundB wiis heard, all the 
others being quite inaudible. Three series of the organ- 
pipe were heard, but exceedingly faintly. On reversing 
the positions and sounding as before, nothing whatever 
was heard. 

At 8 o'clock the chimes and hour-bell of the Westmin- 
ster clock were both very loud. The "acoustic fog" Jiad 
shitted its position, or temporarily melted away. 

Extraordinary fluctuations were also observed in the 
case of the church-bells heard in the morning: in a few 
seconds they would sink from a loudly-ringing peal into 
ntter silence, from which tbey would rapidly return to 
loud-tongued audibility. The intennittent drifting of fog 
over the sun's disk (by which his light is at times obscured 
at times revealed) is the optical analogue of these effects. 
As regards such changes, the acoustic deportment of the 
atmosphere is n true transcript of its optical deportment. 
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At 9 P. u. tliree strokes only of the WcBtminster clock 
were heard; the others were inaudible. The air had kc 
iapBed ill part into its condition at 7 p. m., when all tha 
BtrokcB were tinheard. Tlie quiet of the park this even- 
ing, as contraeted with the resonant roar whicii filled the 
air on the two preceding Jays, was very remarkahle. The 
sound, in fact, was stitled in the optically clear hut acous- 
tically Huccuteiit atmoephere. 

On the 13th, the fog being displaced hy thin haze, I 
went again to the Serpentine. The carriage-sounds were 
damped to an extraordinary degree. The roar of the 
Knightsbridge and Bayswater roads had subsided, the 
tread of troops which jtassed us a little wny off was un- 
heard, while at 11 a. m. both the chimes and the hour-bell 
of the Westminster clock were stified. Subjectively con- 
sidered, all was favorable to auditory impressions ; but the 
very cause that damped the local noises extinguished our 
experimental sounds. The voice across the Serpentine to- 
day, with my assistant plainly visible in front of nie, was 
distinctly feebler than it bad been when each of us waa 
hidden from the other in the densest fog. 

Placing the source of sound at the eastern end of the 
Serpentine I walked along its edge from the bridge toward 
the end. The distance between these two points is about 
1,000 paces. After 500 of them had been stepped, the 
sound was not so distinct as it had been at the bridge on 
the day of densest fog ; hence, by the law of inverse 
squares, the optical cleansmg of the air through the melt- 
ing away of tlie fog had so darkened it acoustically, that a 
sound generated at the eastern end of the Serpentine wai 
lowered to one-fourth of its intensity at a point midway 
between the end and the bridge. 

To these demonstrative observations one or two sub- 
Bcqnent ones may be added. On several of the moist aud 
warm days, at the beginning of 1874, I stood at noon 




beside the railing of St James's Park, near Buckingham 
Palace, three-quarters of a mile from the clock-lower, 
whlt'L was clearly visible. Not a single stroke of " Big 
Ben" was beard. On January 19th fog and drizzling rain 
obscured the tower; still from the same position I not 
only heard the gtrokes of the great licU, hnt also tha 
chimes of the quarter-bells, 

During the exceedingly dense and 'dripping" fog of 
January 32d, from the same railings, I heard every stroke 
of the bell. At tlie end of the Serpentine, when the fog 
was densest, the Westminster bell was heard striking loud- 
ly eleven. Toward evening this fog began to melt away, 
and at 6 o'clock I went to the end of the Serpentine to 
observe the effect of the optical clearing upon tlie sound. 
Not one of the strokes readied me. At 9 o'clock and at 
10 o'clock my assistant was in tlie same |>osition, and on 
both occasions he failed to hear a single stroke of the bell. 
It was a case precisely eimilar to that of December 13tL, 
when the dissolution of the fog was accompanied by a 
decided acoustic thickening of the air.' 

§ 5. Obset-vations at the South For^and. ^H 
Satisfactory, and indeed conclusive, as these resi^ET 
seemed, I desired exceedingly to contirm them by experi- 
ments with the instnimeDts actually employed at the 
South Foreland. On the lOtli of Febmary I had the 
gratification of receiving the following note and inclosure 
from the Deputy Master of Trinity House: 

" Mt deak Tyndall : The inclosed will show how 
■ecnrately your views have been verified, and I send them 
on at once without waiting for the details. I think you 

' A rrieiid informs me (hit bo lias rolloired n ^aaV. of liounil!) on n c1t«t 
nsltn d«r willioul he»ring a bLdrIc Jelp from the dogs ; while on I'ftim foggj 
Ahjt from Ihn ume diiluicu Vat [uuaiuiil uproar of Ihe pack va« loudtj 





Will be glad to have them, and a6 soon as I get the i-eport 
it shall be sent to you. I made up my mind ten days ago 
that there would be a chance in the light fogjiy-disposed 
weather at home, and therefore sent the Argus ofE at an 
hour's notice, and requested the Fog Committee to keeji 
ono member on board. On Friday I was so satisfied that 
the fog would occur that I sent Edwards down to record 
the observations. 

" Very truly yonrs, 

" Fked, Akeow." 

The inclosure referred to was notes from Captain At- 
kins and Mr. Edwards, Captain Atkins writes thus : 

" As arranged, I eame down here by the mail express, 
meeting Mr. Edwards at Cannon Street. We put up at 
the Dover Castle, and next morning at 7 I was awoke by 
sounds of the siren. On jumping up I discovered that 
the long-looked-for fog had arrived, and that the Argua 
had left her moorings. 

" However, had I been on board, the instructions I loft 
with Troughton {the master of the Argus) could not have 
been better carrietl out. About noon the fog cleared up, 
and the Argus returned to her moorings, when I learned 
that they had taken both siren and horn sounds to a dis- 
tance of 11 miles from the station, where tbey dropped a 
buoy. This I knew to be correct, as I have this morning 
reeoverod the buoy, and the distances both in and out 
iigree with Troughton's statement, I have also been to 
the Vame light-ship (13}- miles from the Foreland), and 
ascertained that during the fog of Saturday forenoon they 
' distinctly ' beard the sounds." 

Mr. Edwards, who was constantly at my side during 
oar summer and autumn observations, and who is thor- 
oughly competent to form a comparative estimate of the 
strength of the aounda, states that those of the 7th were 
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" extraordinarily loud," botli Captaia Atkins and himsell 
being awoke by them. He does not remember ever before 
bearing tlie eonnds so loud in Dover ; it seemed as tbou^jh 
the observere were close to the instruments. 

Other days of fog preceded this one, and they were all 
days of aeouc^tic transparency, the day of densest fcg being 
acoustically the clearest of all. 

The results here recorded are of the highest impor- 
tance, for they brmg us face to face with a dense fog and 
an actual fog-signal, and confirm in the most conclusive 
manner the previous observations. The fact of Captain 
Atkins and Mr. Edwards being awakened by the siren 
proves, beyond all our previous experience, its power dur- 
ing this dense fog. 

It is exceedingly interesting to compare the transmis- 
sion of sound on February 7th with its transmission on 
October 14tii. The wind on both days had the aame 
strength and direction. My notes of the observations show 
the latter to have been throughout a day of extreme opti- 
cal clearness. The range was 10 miles. During the fog 
of Febniary Tth the Argua heard the sound at 11 miles ; 
and it was also heard at the Yame light-vessel, which ia 
13} miles from the Foreland. 

It is also worthy of note that through the same fog the 
sounds were well heard at the South Sand Head light- 
vessel, which is in the opposite direction from tlie South 
Foreland, and was actually behind the siren. For this 
important circumstance is to be borne in mind : on Febru- 
ary 7tli the siren happened to be pointed, not toward the 
Argus, hut toward Dover. Utid the yacht been in the 
axis of the instrument it is highly probable that the 
sound would have been heard all the way across to the 
toast of France. 

It is hardly necessary for me to say a word to guard 
myself against the misconception that I consider sonnd 
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to be ateisted by the fog itself. The fog-particles have no 
more in^uence upon the waves of sound than the suspended 
particles stirred up over the banks of Newfoundland have 
upon the waves of the Atlantic. An homogeneous air is 
the usual associate of fog, and hence the acoustic clL-arnes? 
of foggy weather. 

§ C. jE^j.wiments on Artificial Fogs. 1 

These observations are clinched and finished by being 
bmught within the range of lahoratory experiment. Here 
we shall leam incidentally a lesson as to the caution re- 
quired from an experimenter. 

The smoke from smouldering brown paper was allowed 
to stream upward through its rectangular apertures, into 
the tunnel ah c d (I'^ig- li6); the action upon the sound- 
waves waa strong, rendering the short and agitated sensi- 
tive flame k tall and quiescent. 

Air first passed thi'ough ammonia, then through hydro- 
chloiic acid, and, thus loaded with thick fumes, was sent 
into the timnel ; the agitated flame was rendered imme- 
diately quiescent, indicating a very decided action on tlie 
part of the artificial fog. 

Air passed through percliloride of tin and sent into 
the tunnel produced exceedingly dense fumes. The action 
upon the sound-waves was very strong. 

The dense smoke of reein, burnt before the open end 
of the tunnel, and blown into it with a pair of bellows, had 
also the effect of stopping the sound-waves, so ae to stili 
the Agitated flame. 

The conclusion seems clear, and its perfect liamiony 
with the prevalent a priori notions as to the action of fog 
upon sound makes it almost irresistible. But caution is 
here necessary. The smoke of the brown paper waa hot ; 
the flask containing the hydrochloric acid was hot ; tliar. 
containing the percliloride of tin was hot ; wtiile the resin- 



fiimea produced by a red-liot poker were also obviooaly 
hot. "Were the results, then, due to the femes or to the 
differences of temperature ? The observations might well 
Lave proved a trap to an incautious reaaoner. 

Instead of the smoke and heated air, ttie heated air alone 
fioin four red-hot pokers was permitted to stream upward 
into the tunnel ; the action on the sound-waves was ver^ 
deciled, though the tunnel was optieully empty. Tiie 
ilame of a candle was placed at tho upper end, and the 
hot air just above its tip was blown into the tunnel ; tlie 
action on the sensitive flame was decided. A eimilar 
effect was produced when the air, aBceuJing from a red- 
hot iron, was blown into the tunnel. 

In these Litter ciises the tunnel remained optically 
clear, while the same effect as that produced by the resin, 
smoke, and iumes, was observed. Clearly, then, we are 
not entitled to ascribe, without fm'ther investigation, to 
the artificial fog an effect which may have been due to the 
air which accompanied it. 

Having eliminated the fog and proved the non-homo- 
geneous air effective, our reasoning will be completed hy 
eliminating the Iiejit, and proving the fog ineffective. 

Instead of the tunnel abed, Fig. 146, a cupboard wiMi 
glass sides, 3 feet long, 2 feet wide, and about 5 feet hi^h, 
was filled with fumes of various kinds. Here it was thought 
tlie futues iniglit remain long enough for differences of 
temperature to disappear. Two apertures were made in 
two opposite panes of glass 3 feet asunder. In front of one 
aperture was placed the bell in its padded box, and behind 
tlie other aperture, and at some distance from it» the 
sensitive flame. 

Phosphorus placed in a cup floating on water waa 
ignited within the closed cupboard. The fumes were so 
dense tliat considerably less than the three feet traversed 
by the sound extinguished totally a bright candle-flama 
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At €rBt there was a eliglit ftctiou opon the sound ; but 

tLiB rapidly vanished, the flame being no more affected 

than if the sound had passed through pure air. The first 

action was manifestly due to differences of temperature, 

, Bod it disappeared when the temperature was equalized. 

The cupboard was next filled with the dense fumes of 
gunpowder. At fiiist there was a slight action ; but tluB 
disappeared even more rapidly than in the case of the 
phosphorus, the sound paasing as if no fumes were there. 
It required less than half a minute to abolish the action 
in the ease of the phosphoras, but a few seconds sufliced 
in the case of the gimpowder. These fumes were far more 
than suffideut to quench the candle-flame. 

The dense smoke of resin, when the temperature had 
become equable, exerted no action on the sound. 

The fumes of gum-mastie were equally ineffectual. 

The fumes of the perchloride of tin, though of ex- 
traordinary density, exerted no sensible effect upon the 
sound. 

Exceedingly dense fumes of chloride of ammonium 
next filled tlie cupboard. A friiction of the length of the 
3-foot tube sufficed to quench the candle-flame. Soon 
after the cnpboard was filled, the sound passed without 
the least sensible deterioration. An ajicrture at the top 
of the cupboard was opened ; but though a dense sraoke- 
cohunn ascended through it, many minutes elapsed before 
the cnndle-flanie could be seen through the attenuated 
fog. 

Steam from a copper boiler wna so copiously admitted 
into the cnpboard as to fill it with a dense cloud. No real 
cloud was ever so dense ; still the sound passed through it 
without the least sensible diminution. This being tha 
case, cloud-echoes are not a likely pheuomenou. 

In all of the^e cases, when a couple of Bunsen'a bnm- 
ere were ignited within the cupboard continuing the 
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fumes, less tLao a mimite's actiou rendered tlie air eo 
heterogeneotis tliat the sensitive flauie waa completeJj 
BtiUcd. 

These at'oustieally inactive fogs were subseyuentl; 
prtived competent to cut off the electric light. 

Experiment and observation go, therefore, band in hand 
io demonstrating that fogs have no sensible action npoa 
Bound. The notion of tlieir impenetrability, whicli bo 
powerfully retarded the introduction of phonic coast-sig- 
nals, being thus abolished, we have solid ground for the 
hope that disasters due to fogs and thick weather will iii 
the fiitui-e be materially mitigated. 
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§ 7. Action of Wind. 

In stormy weather we were frequently forsaken by 
steamer, wliich Lad to seek shelter in tlie Downs or Mar- 
gate Roads, and on sncb occasions the opportunity waa 
tm-ned to account to detei-mine the effect of the wind. 
On October 11th, accompanied by Mr. Douglass and Mr. 
Edwards, I wallced along the cliffs from Dover Castle tow- 
ard the Foreland, the wind blowing strongly against tlie 
eoimd. About a mile and a half from the Foreland, we 
tirst heard the faint but distinct sound of the siren. The 
horn-sound was inaudible. A gun Hred during our halt 
was also unheard. 

As we approacbed the Foreland we saw the smoke of 
a gun. Mr. Edwards heard a faint crack, but neitlier 
Mr. Douglass nor I heard anything. The sound of the 
siren was at the same time of piercing intensity. Wo 
waited for ten minutes, when another gun was fired. The 
smoke was at hand, and I thought I heard a faint thud, 
but could not be certain. My eompanioiis heard nothing. 
On pacing the distance afterward we were found to be 
only 550 yards from the gun. We were shaded at the 
time by a slight eminence from both the siren and the 
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ACTION OF WIND. 

guu, but ttiia could not account for the utter extinction 
of the gun-sound at so Bhort a distance, and at a time wlieo 
the siren sent to us a note of great power. 

Mr. Ayrea at my request walked to windward along the 
cli£E, while Mr, Douglass proceeded to St. Margaj^et's Bay. 
During their ahsence I bad three guna fired. Mr. Ayi-ca 
heard only one of them. Favored by the wind, Mr. 
Douglass, at twice the distance, and far more deeply im- 
mersed in tlie Boand-shadow, heard all three reports with 
the utmost distinctness. 

Joining Mr. Douglass, we continued our walk to a 
distance of three-quarters of a mile beyond St. Margaret's 
Bay. Here, being dead to leeward, though the wind blew 
with unabated violence, the sound of the airen was borne 
to us with extraordinary power,' In this position we also 
heard the gun loudly, and two other loud reports at the 
proper interval of ten minutes, as we returned to the 
Foreland. 

It is within the mark to say that tlie gun on October 
nth was heard live times, and might have been heai-d 
fifteen times, as far to leeward as to windward. 

In windy weather the shortness of its sound is a serious 
drawback to the use of the gim as a signal. In the case 
of the horn and siren, time is given for the attention to 
be fixed upon the sound; and n single pulf, while cutting 
ont a portion of the blast, does not obliterate it wholly. 
Such a puff, however, may be fatal to the momentary' 
gun-sound. 

On the leeward side of the Foreland, on the S3d of 
October, the sounds were heard at least four times as far 
as on the windward side, while in both directions the sireu 
possessed the greatest penetrative power. 

On the 24th the wind shifted to E.S.E., and the 




sounds, which, when t.he wind was W. S.W,, failetl to rcAcb 
Dover, were now heaixl in the streets through thick rain. 
On tlie 2Tth the wind was E. N. E. In our writing-rooui 
in tlie Lord Warden Hotel, in the bedrooms, and on the 
staircase, the sound of the siren reached us with eorpriaing 
power, piercing through the whistling and moaning of the 
wind, which blew through Dover toward Folkestone. Tlio 
Bounds were heard hy Mr. Edwards and inyaelf at 6 miles 
from the Foreland on the Folkestone road ; and bad the 
instnimenis not then ceased sounding, they might have 
been heai^i much farther. At the South 8and Head 
light-vessol, 3J miles on the opposite side, no sound had 
been lieai-d thi-oughout the day. On the 28th, the wind 
being N. by E., the sounds were hcai-d in the middle of 
Folkestone, 8 miles ofE, while in the opposite direction 
they failed to reach 3} miles. On the 2i>tb the limits of 
range wei-e Eastware Bay on tlie one side, and Kingsdown 
on the other ; on the 30th the limits were Kingsdown on 
the one hand, and Folkestone Pier on the other. With a 
wind having a force of 4 or 5 it was a very common obser- 
vation to iieur the sound in one direction three times as 
far as in the other. 

This well-known effect of the wind is exceedingly 
difficult to explain. Indeed, the only explanation worthy 
of the name is one offered by Prof. Stokes, and sug- 
gested by some reinarkiible observations of De !a lioebe. 
In vol. i. of "Anuales do Chimie" for 1S16, p. 17ij, 
Arago introduces De la Roche's memoir in these worde: 
"L'auteur arrive a dea conclusions, qui d'abord pourront 
paraitre paradoxal es. mais ceiix qui savent combien il met- 
tait de soins et d'exaclitude dans toutes ses recherchea se 
giirderont sans doule d'opposer nne opinion populaire i 
dea experiences positives." The sb-angeneas of De h 
Roche's results consisted in his establishing, by quantita- 
tive meftsnremente, not only that sound has a greater 
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range in tbe dii'ection of the wind tlian in the opposite 
direction, but that tbe range at right angles to the wind ia 
the maximum. 

In a short but exceedingly able communication, pre- 
sented to the Britieh Association in 185T, the eminent 
physicist above mentioned points ont a cause which, if 
tujideni, would account for Uie results refen'ed to. The 
lower atmospheric strata are retarded by fiiction against 
the eartli, and the upper ones by those immediately below 
them ; the velocity of transition, therefore, in the case of 
wind, increases from the ground upward. It may be 
proved that this difference of velocity tilts the sound-wave 
upward in a direction opfKised to, and downward in a 
direction coincident with, the wind. In this latter case 
the direct wave is reenforced by the wave reflected from 
the earth. Now the reenforceraent is greatest in the direc- 
tion in which the direct and reflected waves inclose the 
Binallest angle; and this is at right angles to tbe direction 
of the wind. Hence the greater range in this direction. 
It is not, therefore, according to Prof. Stokes, a stilling of 
the sound to windward, but a tilting of the sound-wave 
over the heads of the observers, that defeats the propaga- 
tion in that direction. 

This explanation calls for veriiication, anci I wished 
much to test it by means of a captive balloon rising high 
enough to catch the deflected wave; but on communi- 
cating with Mr. Co'xwell, who has earned for himself so 
high a reputation as an aeronaut, and who has always 
shown himself so willing to promote a scientific object, I 
learned with regret that the experimeut was too dangerous 
to be carried out.' 

' Experiments M [mportanl u those of De la Roctie ought not to b« 
1i-rt witbuut TeriScatioiL 1 bftve mule arruigenientt vitb a viuw to Mt 
object. 
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, Atmospheric I 

It Iiae been stated timt the atmosphere on different 
rJaj-a sliows preferences to difEeient eoiinds. Tliis point is 
worthy o£ further illustratioii. 

After the violent shower which passed over ns on 
October IStli, the sounds of all the instruments, as already 
stated, rose in power; but it was noticed that the bom- 
suuiid, vrliich was of lower piti^h than that of the dren, 
improved most, at times not only equaling, bat sarpasfilng, 
the sound of its rival. From tliis it might be inferred 
that the atmospheric change produced by the rain favored 
nioi-e especially the transuiisgion of the longer sonorons 
waves. 

But our programme enabled us to go further than 
mere inference. It had been arranged on the day men- 
tionod, that up to 3,30 p. m. the siren should perform 9,400 
revolutions a minute, generating 4S0 wavea a second. As 
long as this rate continned, the horn, after the shower, had 
the advantage. The rate of rotation was then changed to 
2,000 a minute, or 400 waves a second, when the siren- 
sound immediately surpassed that of the horn. A clear 
connoction was thus established between aerial re&ection 
and the length of the sonorous waves. 

The ll'-inch Canadian whistle being capable of ad- 
justment 60 as to produce sounds of different pitch, on 
the lOlh of October I ran tlirough a seiies of its sounds. 
The shrillest appeared to possess great intensity and pene- 
trative power. The belief is common that a note of tliis 
character (which affects so powerfully, and even painfully, 
an observer close at hand) has also the greatest range. 
Mr. A, Gordon, in his examination before the Committee 
on Lighthouses, in 1845, expressed himself thue: "When 
you get a shrill sound, high in the a?ale, that sound \a 
carried much farther than a lower note in the scale." 1 
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ATMOSPUEEXO SELECTION. 

imvti heard tlie same opinion expressed by other BcIeQti£o 
men. 

On tlie 14tli of October tbe point was aubrnitted to an 
experimental test. It bad been arranged thai up to 11.30 
A. u. the Canadian wliistle, whidi had been heard with such 
piercing inteusitj on the luth, should souud its ahi-iUest 
note. At tbe hour just mentioned wo were beside the 
Varne buoy, 7J miles from the Foreland. Tbe siren, aa 
we approached the buoy, was beai'd through tiie paddle- 
noises ; the boms were also heard, but more feebly than 
the siren. We paused at the bnoy and listened for the 
11.30 gun. Its boom was beaitl by all. Neither before 
nor during the pause was the sbrill-soimding Canadian 
whistle once beard. At the appointed time it was adjusted 
to produce its oixiinary low-pitched note, which was im- 
mediately heard. Farther out the low boom of the cannon 
continued audible after all tlie other sounds had cca^^d. 

But it was only dui'ing the early part of the day that 
this preferente for the longer wave was manifested. At 
3 P.M. the case was completely altered, for then the high- 
pitched siren was heard when all the other sounds were in- 
audible. On many other days wo had illustrations of the 
varying comparative power of tlie siren and the gun. 
On the 9th of October sometimes the one, sometimes the 
other, was predominant. On the morning of the 13th the 
siren was clearly heard on Shakespeare's Cliff, while 
two guns with their puffs perfectly visible were unheard. 
On October 16, 2 miles from the signal-station, the gun at 
11 o'clock was inferior to the siren, but both were heard. 
At 12.30, the distance being 6 miles, the gun was quite 
uidieard, while the siren continued faintly audible. Later 
on in the day the experiment was twice repeated. The 
puff of the gun was in each case seen, but nothing was 
heard. In the last experiment, when the gun was quenched, 
the siren sent forth a sound so strong as to maintain itself 
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 through tlie pafldle-noisea. The day «aa clearly hostile to 
the passage of the longer sonorous waves. 

October 17th began with a preference for the shorter 
waves. At 11.30 a. m. the mastery of the siren over tbe 
gun was pronounced; at 12,30 the gun slightly Enrpaseed 
the siren ; at 1, 2, and %'SO f. m. the gun also asserted Jt^ 
mastery. This prefeience for the longer waves was coo- 
tinned on October ISth. On October 2uth the day began in 
favor of the gun, tlien both became equal, and finally the 
siren gained the mastery ; but the day Iiad become stormy, 
and a stoi-m ia always unfavorable to the momentary giin- 
6ound. The same remark applies to the experiments of 
Oftober 2lBt. At 11 a. m., dibtance Gi miles, when tlie 
siren made itself heard through the noises of wind, sea, 
and paddles, the gnn was Hred; but, tliough listened for 
with all attention, no Bound was heard. Half an hour 
later the result was the same. On October 24th five ob- 
servers saw the flash of the gim at a distance of 5 milt-s, but 
heard nothing; all of them at this die-tance heard the 
siren distinctly ; a second experiment on the same day 
yielded the same result. On the 27th also the siren was 
triumphant; and on three several occasions on the 29tb 
its mastery over the gun was very decided. 

Such experiments yield new conceptions as ti> the scat- 
tering of sound in the atmosphere. No sound here em- 
ployed is a simple sound; in every case the fundamental 
note is accompanied by others, and the action of the at- 
mosphere on these different groups of waves has its optical 
analogue in that scattering of the waves of the luminif* 
croua ether which produces the various shades and colorH 
of the sky. 

§ y. Concluding Hemarjcs. 

A few additional remarks and suggestions will fitly 
wind op this chajiter. It has Veen proved that in some 



DISADVANTAGES OP GUN. 



3+.1 



states of the weatlier tie liowitzer firing a C-lb, charge 
commands a larger range than the whistles, trumpets, or 
eiren. This was the case, for example, on the particntar 
day, Oiitober 17th, when the ranges of all the sounds 
reached tlieir maximum. 

On many other days, however, the inferiority of the 
gun to the siren was demonstrated in the clearest manner. 
The gim-puffs were seen with the ntmost distinctness at 
the Foreland, but no sound was heard, the note of the siren 
at the same time reaching us with distinct and consider- 
dble power. 

The disadvantages of the gun are these : 

a. The duration of the sound is so short that, unlesa 
the observer is prepared beforehand, the sound, through 
lack of attention rather than through its own powcrlesa- 
ness, is liable to be unheard. 

b. Its liabihty to bo quenched by a local sound is so 
great, that it is sometimes obliterated by a puff of wind 
taking possession of the ears at the time of its arrival. 
This point was alluded to by Arago, in his i-epurt on the 
celebrated experiments of 1822. By such a puff a momen- 
tary gap is produced in the case of a continuous sound, but 
not entire extinction. 

c. Its liability to be quenched or deflected by an oppos- 
ing wind, fto as to be i)ractically useless at a veiy short 
distance to windward, is very remarkable. A case has 
been cited in which the gun failed to be heai-d against a 
vic'leut wind at a distance of 550 yards from the place of 
filing, the sound of the siren at the same time reaching ue 
with great intensity. 

Still, notwithstanding these drawbacks, I think the gun 
is entitled to rank as a first-class signal. I have had occa- 
sion myself to obsei-ve its extreme utility at Holyhead 
and the Kish light-vesael near Kingstown. The command- 
ers of the nolyhead boats, moreover, are unanimous in 
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their comiiiGiidation of the gun. An inipoi-tant additiot: 
iu its favor is the fact that in !i fog the fla&h or glare often 
comes to tlie aid of the sound. On this point, the evi- 

deiice is quite conclusive. 

There may be cases in which the combinntion of thu 
gun with one of the other eignala uiay be desirable. 
Where it is wisbud to confer an nnuiistakahle individual- 
ity on a fog-sign.ll station, such a combination might with 
advantage be resorted to. 

If the gun be retained as one form of fog-Bignal (and 
I should be aorry at present to recommend its total abo- 
lition), it ought to be of the most suitable description. 
Our experiments prove the sound of the gun to be depend 
ent on its shape ; but we do not know that we have em- 
ployed the best shape. This Buggests the desirability of 
constructing a gun with special reference to the production 
of sound.' 

An absolutely uniform superiority on all days cannot 
be conceded to any one of the instniments subjected to 
examination ; still, our observations have been so numer- 
ous and long-continued as to enable us to come to the sure 
conclusion that, on the whole, the steam-siren is the most 
powerful fog-signal which has hitherto been tried in Eng- 
land. It is specially powerful when local noises, such as 
those of wind, rigging, breaking waves, shore-surf, and 
the rattle of pebbles, have to be overcome. Its den- 
bity, quality, pitch, and peneti-ation, render it dominant 
over sut-h noises after all other signal-sounds have 8n&- 
ciunbed. 

I have not, therefore, hesitated to i-ecomniend the in- 
t-oduction of the siren as a coast-signal. 

It ftill be desirable in each case to confer upon the 
instrument a power of rotation, so as to enable the person 
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In charge of it to point ite trumpet against the wind or In 
■ny other required direction. This arrangement was made 
at the South Foreland, and it preseiitu no mechanical dif- 
iieulty. It is also desirable to mount the siren, so as to 
permit of the depression of its truiupet tifteen or twenty 
degrees below the horizon. 

In selecting the poaition at which a fog-signal is to be 
uounted, the possible influence of a sound-shadow, and 
the possible extinction of the sound by the intei'ference of 
the direct wavea with waves reflected from the shore, 
must fonn the subject of the gravest consideration. Pre- 
liminary trials may, in most cases, be necessaiy before 
fixing on the precise point at which the instrument is to 
be phiced. 

The siren which has been long known to scientific men 
18 worked with air; and it would be worth while to try 
how the fog-siren would behave supposing compressed air 
to be substituted for steam. Compressed air might also 
be tried with the whistlea. 

No fog-signal hitherto tried is able to fulfill the condi- 
tion laid down in a very able letter already referred to, 
namely, " that all fog-signaU sltould be distincilij audible 
for at least 4 miles, under eveiy circumstance" Circum- 
stances may exist to prevent the moat powerful sound from 
being heard at half this distance. What may with cei-- 
tainty be affirmed is, that in almost all cases the siren may 
certainly be relied on at a distance of 2 miles ; in the great 
majority of eases it may be relied upon at a distance of 3 
miles, and in the majority of eases to a distance greats 
than 3 miles. 

Happily the experiments thus far made are perfectly 
concurrent in indicating that at the particular time when 
fog-signals are needed, the air holding the fog in suspen- 
sion is in a highly-homogeneous condition; hence it is in 
the highest degree probable tliat in the case of fog we may 
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Iwfad ex pwknee jliliei dw entfM7X *» >«■»« lb 
Mucetrf Mvad lo beiot nans Ob S v 3 ailtt dteaat, 
aad to faeare ki* lead or to take oAer aseeoaaiT- iveeaa- 
tiooB. IS he €xn at tSlim lit tftimttttd^UtaaeR, it oa^it 
to be OS tbe »de of wfety. 

With tbe uutntmenU aow at oar tHgriMl vis^ ertab- 
laibed slang e oa aU , I Tsitore to think Unt the flaring ti 
y r o p tiij in ten jean wiH be an exeeedinglj higa nal- 
tiple of tbe outlay neeeseaij for tbe CBtablidiiDeBt of sncii 
■ignalfl. The aring of life sppeab to the higher modrea 
of hnnuuutjr. 

In a report written for the Trinity Hooee on the sab- 
ject of fi^^gnak, my ezcelleiit predeceseor. Prof. Fara- 
day, expreaees the opinion that a false promise to tbe 
mariner would be worse than do prouiise at alL Casting 
oar eyea back ttpon tbe obeenratioos hera recorded, we 
tind the loaod-range on dear, calm days varying from 3^ 
tm'Ies to 194 milefl. It mn^ be evident that &n iofitmo- 
tion fonnded on the Utter obeervation wotild be fraught 
with peril in weather corresponding to tlie former. 
Not the maximum bat the minimum sound-range should 
be imprnwed upon the msriner. Want of atten- 
tion to this point may be followed by di^strous conee 
qucnce*. 

This remurk ia not made withont cause. I hare 
b«forc m« a *' Notice to Mariners" regarding a fog-whtstlfl 
Teet-ntiy mounted at Cape Race, which is reputed to have 
a range of 20 miles in calm weather, 30 miles with the 
wind, and in stormy weather or against tbe wind 7 to 10 
miles. Now, considering the distance readied by soind 
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in our observations, I slionld 1je willing to concede tlie 
pofisibility, in a more homogeneous atmosphere than ours, 
of a sound-range on some calm days of 20 miles, and od 
icmt light windy days of 30 miles, to a powerful whistle ; 
but I entertain a strong belief that the stating of these 
distances, or of the distance 7 to 10 miles against a storm, 
without any qualification, is cidculnted to inspire the 
mariner with false confidence, 1 would venture to atKrm 
that at Cape Race calm daya might be found in which the 
range of the sound will be less than one-fourth of what 
this notice states it to be. Such publications ought to be 
without ft trace of exaggeration, and furnish only data on 
which the mariner may with perfect confidence rely. My 
object in extending these observations over so long a period 
was to make evident to all how fallacious it would be, and 
Low mischievous it might be, to draw general conclusions 
from observations made in weather of great acoustic trana- 
parency. 

Thus ends, for the present at all events, an inquiry 
which I trust will prove of some importance, scientific as 
well as practical. In conducting it I have had to congratu- 
late myself on the unfailing aid and cooperation of the 
Elder Brethren of the Trinity House. Captain Drew, 
Cnptflin Close, Captain Were, Captain Atkins, and the 
Deputy Master, have all from time to time taken part in 
the inquiry. To the eminent arctic navigator. Admiral 
CoUinson, who showed throughout unflagging and, 1 would 
add, philosophic interest in the investigation, I am indebted 
for most important practical aid. He was almost always at 
my side, comparing opinions with me, placing the steamer 
in the required positions, and making with consummate 
skill and promptness the necessary sextant observations. 
I am also deeply sensible of the important services rendered 
!iy Mr. Douglass, tlie able and indefatigable engineer, by 
Mr. Ayres, tlie assistant engineer, and by Mr. Pricn 




Edwink, the priiate secretair of tbe Depsty M»g«w (d 
the Tnnity Hoofic 

Tbe oSMen and gmmcn at the South Foreland also 
MieriK Bj- bcM thanks, a* aka Mr. Holma and Mr. Laid- 
law, who had diai^ of the tnunpet% whittles, and 
■iien. 

In the soh^oent experimaital tnatnwnt of the sqIv 
jei-t I have been maet ably aided t^ idt exceHent i 
Kr. Jolm Cottrell. 



SUMMARY OF CHAFrEU VIL 

Tfl i; paper of Dr. Derham, published in tlie " Pliilosoidii' 
cal TransactioiiB " for 17U8, has been hitherto the almost 
exclusive source of our knowledj^e of the causes which 
affect the traosmisBion of sound through the atmosphere. 

Derham found tliat fog obstructed sound, that rain 
and hail obstructed sound, but that above all things falling 
snow, or a coating of fresh snow upon the ground, tended 
to check the propagation of soond through the atmosphere. 

"With a view to the protection of life and property at 
sea in the years 1873 and 1874, this subject received an 
exhaustive examination, observational and experimental. 
The investigation was conducted at the expense of the 
Government and under the auspices of the Eider Breth- 
ren of the Trinity House. 

The most conflicting resnltB were at first obtained. 
On the 19th of May, 1873, the sound range was 3J miles; 
on the 20th it was 5^ miles ; on the 3d of June, 6 miles ; 
on the 3d, more than 9 miles; on the 10th, 9 miles; on 
the 2.">th, 6 miles; on the 26th, 9i miles; on the 1st of 
July, 13} miles; on the 3d, i miles; while on the 3d, 
with a cleAr calm atmosphere and smooth eea, it was leas 
tlian 3 miles. 

These discrepancies were provetl to be due to a slate 
of the air which bears the same relation to sound that 
cloudiness does to light. By streams of air differently 
heated, or saturated in different degrees with aqueous 
vapors, the atmosphere is rendered ^occulent to sound. 

Acoustic clouds, in fact, ai-e incessantly floating or 





flying throiigli tlie air, Tliey have notliiDg wliatercr tv 
do with ordinary clouds, foga, or haze. The most traii»> 
parent atmosphere may be tilled with them ; converting 
days of extruordinary optical transparency into days of 
equally extraordinary acoustic opacity. 

The conneetiou hitherto supposed to exist between a 
clear atmosphere and the transmission of sound is there- 
fore dissolved. 

The intercepted sound is wasted by repeated reflet'tiona 
in the acoustic cloud, as light is wasted by repeated re- 
flections in an ordinary doud. And as from the ordinary 
cloud the light reflected reaches the eye, so from the per- 
fectly invisible acoustic cloud the reflected sound reachea 
the ear. 

Aerial echoes of extraordinary intensity and of long 
duration are thus produced. They occur, contrary to the 
opinion hitherto entertained, in the clearest air. 

It is to the wafting of such acoustic clouds through 
the atmosphere that the fluctuations in the sounds of our 
public clocks and of church-bells are due. 

The existence of these aerial echoes has been proved 
both by observation and experiment. They may ariso 
either from air-currents differently heated, or from air- 
currents differently saturated with vapor. 

Rain has no sensible power to obstruct sound. 

Hail has no sensible power to obstruct sound. 

Snow has no sensible power to obstruct sound. 

Fog has no sensible power to obstruct sonnd. 

The air associated with fog is, as a general rule, highly 
homogeneous and favorable to the transmission of souncl. 
The notions hitherto entertained regarding the aetion of 
fog are untenable. 

Experiments on artificial showere of rain, hail, and 
snow, and on artificial fogs of extraordinary density, con- 
Smi the results of observation. 
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As long as the air forms a contiDuoiiB medium tlie 
amount ot'aoimd scattered by small bodies suspended iu it 
is afitoniahingiy small. 

This is illustrated by tbe t-ase with which sound trav- 
erses layers of calico, cambric, silk, flannel, bnize, and felL 
It freely passes through all these substances in thicknesses 
sufficient to intercept the light of the sun. 

Through six layers of thin silk, for example, it passea 
with little obstruction ; it finds its way tlirongh a layer 
of close felt half an inch thick, and it is not wholly inter- 
cepted by 200 layers of cotton-net. 

The atmosphere exercises a selective choice upon the 
waves of sound which varies from day to day, and even 
from hour to hour. It is sometimes favorable to the trans- 
mission of the longer, and at other times favorable to the 
transmission of the shorter, sonorous waves. 

The recognized a.-tion of the wind has boon confiiToed 
by this investigation. 
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§ L Interference of Waitr-^aves. 

From a boat in Cowea Harbor, in moderate weather, I 
Lave often watched the masts and ropes of the ships, as 
mirrored in the water. The images of the ropes revealed 
the condition of the surface, indicating by long and wide 
protuberances the passage of the larger rollers, and, by 
smaller indentations, the npples which crept like parasites 
over the sides of the larger waves. The sea was able to 
accommodate itself to the requirements of all its nudula 
tions, great and small. When the surface was touched 
with an oar, or when drops were permitted to fall from 
the oar into the water, there was also room for the tiny 
wavelets thus generated. This carving of the surface by 
wJIves and ripples had its limit only in my powers of ob- 
eervation; every wave and every ripple asserted its right 
of place, and retained its individunl existence, amid the 
cro^vd of other motions which agitated the water 

The law that rules this chasing of the sea, this (.Toasing 
snd intermingling of inntimerable siiinll wavta, is tiuit ihe 
fesnltnnt motinn of ever"/ j>article of watfT m the sum of 
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tiu individual motions imparted to U. If a pm-tide be 
acted on at the same iiioment by two impuUeB, both of 
which tend to raise it, it will be lifted by a force eqnal to 
the Slim of both. If acted upon by two impulBes, one of 
which tends to raise it, and the other to depress it, it will 
be acted upon by a force equal to the difference of botL 
When, therefore, the sum of the motions is spoken of, the 
afgehra-ic sum is meant — the motions which tend to raise 
the particle being regarded as positive, and those whicli 
tend to depress it as negative. 

When two stones are cast into smooth water, 20 or 30 
feet apart, round each stone is formed a series of expand- 
ing cii'cular waves, every one of whieh consists of a ridge 
and a fiu-row. The waves touch, cross each other, and 
carve the surface into little eminences and depressions. 
Where ridge coincides with ridge, we have the water raised 
to a double height; where furrow coincides with furrow, 
we have it depressed to a double depth ; where ridge coir^ 
cides with furrow, we have the water reduced to its 
average level. The resultant motion of the water at every 
point is, as above stated, the algebraic sum of the motions 
impressed upon that point. And if, instead of two sources 
of disturbance, we had ten, or a hundred, or a thousand, 
the consequence would be the same; tlie actual result 
might transcend our powers of observation, but the law 
aliove enunciated would still bold good. 

Instead of the intersection of waves from two distinct 
centres of disturbance, we may cause direct and reflected 
waves, fi-om the same centre, to cross each other. Mnoy 
of you know the beauty of the effects produced when light 
is reflected from ripples of water. When mercury is 
employed the effect is more brilliant still. Here, by a 
proper mode of agitation, direct and reflected waves may 
be caused to cross and interlace, and by the mr«t wonder- 
ful self-analysis to untie their knotted scrolls. The adja- 
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cent figure (Fig. 1+9), which ie copied from the excellent 
" WclleiJehre " of the limtliers Weber, will give some idea 
of the beauty of tlies* eHects. It represeiite the chasing 
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pi-oduced by the intersection of direct and reflected wafer 
waves in a circular vessel, the point of disturbance (marked 
hy the smalleBt cii'cle in the figure) being midway between 
the centre and the circumference. 

This power of water to accept and tranemit mnltitU' 
Hinous impulses la sliared by air, which concedes the right 
of apace and motion to any number of sonorons waves. 
The same air is competent to accept and transmit the 
vibrations of a thousand instruments at the aame time. 
When we trj' to visuiilize the motion of that air — to pre- 
sent to the eye of the mind the battling of the pulses 
illrcct and reverberated — the imagination retires baffled 
from the altprimt. Slill. ;iiriid all the complexity, th« 
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law Above euuncialed liolds good, every particle of air 
beiiig animated by a rcBiiltant motion, which is tlic alge- 
braic sum of all the individual motions imparted to it. 
And the most wonderful thing of all is, that the human 
e»r, though acted oii only by a L-ylinder of that air, which 
does not excetHi the thickness of a quill, can detect the 
sompo^itiniii uf the motion, and, by an act uf altcntion, can 
even isulatu from the aerial entanglement any particular 
sound. 



§ 2. /nterfen 
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Wlien two uniflonant tuning-forks are sounded togeth- 
er, it is easy to see that the forks may so vibrate that the 
condensations of the one shall coincide with the conden- 
sations of the other, and the rarefactions of the one with 
tlie rarefactions of the other. If this be tlie ease, the two 
forks will assist each other. The condensations will, in 
fact, become more condensed, tlie rarefactions more rare- 
fied ; and as it is upon the difference of density between 
the condensations and I'ai'ef actions that loudness depends. 
the two vibrating forks, tlius supporting each other, will 
produce a sound of greater intensiry than that of either of 
thera vibrating alone. 

It is, however, also to see that the two .forks may !« 
so related to each otlier lliat one of thera shall require a 
ciindeitsation at the place where the other requires a rai-o- 
faction; that the one fork shall urge the air-particles for- 
ward, while the other urges them backward. If the op- 
posing forces be eiiual, particles so solicited will move 
(le'ther backward nor forward, the aerial rest which corre- 
sponda to silence being the result. Tims, it is possible, by 
adding the sound of one fork to that of another, to abolish 
the sounds of both. We iiave here a phenomenon which, 
above all others, characterizes wave-motion. It was this 
^L phenoincnon, as raanifrated in optics, that led to the nndu' 




latory theory of light, the most cogent proof of that theory 
being based upon the fact that, by adding light to light, 
we may produce darkness, just as we can produce sileiics 
by adding sound to sound. 

During the vibration of a tuning-fork the dist^nco 
lietween the two prongs is alternately increased and dimin- 
itlied. Let ua call the motion which inereasefl the distance 
"he outward awing, and that which diminishes the di»- 
tauce the inward siclng of the fork. And let us suppoee 
that our two forks, a and b, Fig. 150, reach the limits 
of their outward swing and their inward swing at the sanie 
momenf. In this case the phases of their motion, to nsc 
tlie technical term, are the same. For the sake of sim- 
plicity we will confine our attention to the right-hand 
prongs, A and b, of the two forks, neglecting the other two 
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prongs ; and now let iib ask what must be the dis 
between the prongs A and b, when the condensations and 
rarefactions of lH)th, indicated respectively by the dark 
and light shading, coincide t A little reflection wilt make 
it clear that if the distance fiom b to a be equal to the 
length of a whole sonorous wave, coincidence between 
the two systems of waves must follow. The same would 
evidently occur were the distance between a and b two 
wuve-lengths, three wave-lengths, four wavc-lengtha — in 
short, any uumber of whole wave-lengths. In all snch 
cases we shall have coincidence of the two systems of 
waves, and consequently a reenforcement of the sound of 
the one fork bj that of thp other. Both Iho c 
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liiuis aad mi-efaetioDB bcLweeii a and o are, in Uiis caac, 
iiiiirti pi-onouQced than tbey would be if either of the forks 
were BUppi-eseed. 

But if the prong b be only half the length of a wave 
lichind A, what must oceuri Manifestl^y the rarefactiona 
of one of the aysteins of waves will then i-oinL'ide with tha 
condensations of the other Bystem, the air to the right of a 
being redncod to quiescence. This is shown in Fig. 151, 



where the unifonnily of shading indicates an absence botli 
of condensations and rarefactions. When B is two half 
wave-lengths behind A, the waves, as already explained, 
support each other ; when they are three half wave-Iengtba 
apart, they destroy each other. Or, expressed generally, 
we have augmentation or destruction accnrduig as the dis- 
tance between the two prongs amounts to an even or an 
odd number of semi -undulations. Precisely the same is 
true of the waves of light. If through any cause one sys- 
tem of ethereal waves he any even number of senii-nndula- 
tions behind another system, the two systems support each 
oilier when tliey coalesce, and we have more light. If the 
one system be any odd number of senii-nndulatinna behind 
I lie otlier, they oppose each other, and a destnictinn of Hglit 
U the result of their coalescence. 

The action here referred to, both as regards sound and 
lipht, IB called Inierf^ranM, 




§ 3. Ecperimental JUiuitiutione. 

Sir John Herechel waa the tii'st to propijse lo divu 
Btream of soond iuto two brunches, of difierent lengths, 
cuusing the brauches afterward to reunite, and interfere 
with each other. Thia idea has becu recently followed out 
with siici;e68 by M. Qniiicke; and it haa been still furtlier 
improved upon by M. Ktiuig. The principle of theee 
experiments will be at once e%"ident from Fig, l.'i*2, Tbfl 
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tube py divides into two branches at/", llie one 1 
heing carried ronnd n, iind the other roniid m. The two 
branches are causeil to reunite at^, and to end in a com- 
mon canal, g p. The portion b n of llie tube which slides 
over a b can be drawn out as ehown in the ligiire, and 
thus the sound-waves can be caused to pass over different 
diatances in the two branches. Placing a vihrating 
tuning-fork at o, and the ear at^, when the two brjnolice 
are of the same length, the waves through hoth i-each the 
ear together, and the sound of the fork ie heard. 
Drawing n l out, a point is at length obtained where the 
Bound of tlio fork is extinguished. Thia occurs when the 
dJBtance a i is one-fourth of a wave-length ; or, in other 
words, when the wliole right-liand branch ia half a wave- 
length longer than the loft-hand one. Drawing 5 n still 
farther oul, the sound is again heai-d ; and wJicn twice 




Uie distance a h amounts to a, whole wavelength, it 
reaches a maximum. Thus, according as the difference oi 
hoth branches amounts to half a wave length, or to a whole 
wave-length, we have reenforceiiient or ileetruction of the 
two series of sonorous waves. In practice, the tubeoy 
ought to be prolonged until the dii'ect sound of the fork 
is unheard, the attention of the eiir being tlien wholly con- 
centrated on the sounds that reach it through the tube. 

It is quite plain that the wave-length of any siniple 
tone may be readily found by this instrument. It is only 
uecessary to a&cettaiii the ditfei-eiice of [>ath which pro- 
duces complete interference. Twice tliis diflerence is the 
wave-length ; and if the rate of vibration be at the same 
time known, we can immediately calculate the velocity of 
sound in air. 

Each of the two forks now before you executes exactly 
2o6 vibrations in a second. Sounded together, they are 
in nnison. Loading one of them with a bit of wax, it 
vibrates a little more slowly than its neighbor. Tho wax, 
say, reduces the number of vibrations to 2.^5 in a second ; 
how must their waves affect each other i If they start at 
the same moment, condensation coinciding with condensa- 
tion, and rarefaction with rarefaction, it is qnit« manifest 
that this state of things cannot continue. At the 12Sth 
vibration their phases are in complete opposition, one of 
them having gained half a vibration on the other. Here 
tlio one fork generates a condensation where the other 
generates a rarefaction : and the consequence is, that tlie 
two forks, at this particular point, completely neutralize 
each other. From this point onward, however, the forks 
support each other more and more, until, at the end of a 
■econd, when the one has completed its 255th, and the 
other its 25()th vibration, condensation again coincides with 
eondeuRation, and rarefaction with raref;w!tion, the full ef- 
fect of both sounds being prodi^cd upon the ear. 





It ie quite manifest timt under thcee cIrcamEtaDcee we 
cannot have the continuous flow of perfect unison. We 
have on the contrary, alternate reen force m en ta and dimi- 
nutions of the soimd. We obtain, iu fact, the effect 
known to miisiciaiiB by the name of beats, which, as here 
explained, are a result of interference. 

I now load this foi-k still more lieavily, hy attaching h 
f ourpen ny-piece to the wax ; tbe coincidences and interfei^ 
. follow each other more rapidly than before; we 
have a quicker succession of beats. In our last experi- 
ment, the one fork at'couiplished one vibration more ihui 
the other in a second, and we had a single beat in the 
Bfline tinio. In the present case, one fork vibrates 2.>0 
!, while the other vibrates 256 times in a second, and 
tlie number of beats per second is 6. A little reflection 

I make it plain that in the inte^^"al requii-ed by the 
one fork to execute one vibration nioje than the other, a 
iicat must occur ; and inaaniucb as, in tbe case now before 
U8, there are six such intervals in a second, there must be 
six beats in the same time. In short, the number of htaU 
■per second is always equal io the diff^'enoe between, the two 
rates of mhriKion. 
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§4. Interference of Wairs from Organ-jripet. 

Heats may be produced by all sonorous bodies. 
two tall organ-pipes, for example, when sounded together, 
jjivc powerful beats, one of them being slightly longer 
lli.in the other. Here are two other pipes, which are now 
in perfect unison, being exactly of the same length. But 
it is only necess.iry to bring the finger near the embou- 
clinre of one ol' the pipes, Fig. LMl. to lower its rate of 
vibration, and produce lond and rapid beats. Tbe placing 
of the hand over the open top of one of the pipes altto 
lowurs its rate of vibration, and produces beats, which fol- 



MODES OF PUODUCING BEATS. 

Inw eat'li other witli augmented rapidity ae tlie lop of the 
pipe 19 closed more and more. By a strouger lilast tlic 
first two harmonica of the pipes are brought out. Those 
higher notes also interfere, Fia.153. 

and you have these quicker 
beats. 

No more beautiful illua- 
trntioa of this phenouieiiou ^ , 

L-ari be adduced than thiit '. 

t'lirnished by two soiindirif^- 
HiinieB. Two such riames are 
now before you, the lube siir- 
roimding one of thein being 
provided with a telescopio 
slider, Fig. 154 (Tiext paye). 
There are, at preseul, no 
he;iU, because the tubes are 
not Bufficieully near unison. 
I gi-adually leugthen the 
shorter tube by raising its 
slider. Kapid heatu r- 
now hcii'd ; now ihey a 
slower; now slower still; and now both ihimes sing to- 
gether in perfect unison. Continuing the upward inotioii 
of the slider, I make the tube too long ; the beats begin 
again, and quicken, until finally their sequence ia so 
rapid as to appeal only as roughness to the ear. Tlie 
fl.unes, you observe, danoe within their lubes in time 
to the heats. As already stated, these heals cause a 
silent flame within a tube to quiver when the voice is 
thrown to a proper pitch, and when the position of 
the Hame is rlLrhtiy chosen, the beats sot it singing. 
With the flames of large rose-burners, and witli tin tubes 
from 3 to feet long, we obtain beats of exceeding 
power. 



Yuu Lave just heard tliG beats pi-oduced by two tall 
or^n-pipee ne&tlj in unisoD with eacli other. Two other i 




pipes are now mounted on our wiod-clieet, Fig. 155, each 
of which, however, ia provided at its centre witli a meiu- 
braoe intended to act upon a flame.' Two sniall tiibee 
lead from the spaces closed liy the membranes, and unite 
afterward, tlie membi'anea of both tlie oi'gan-pipee being 
thuH connected with the Baiiio flame. Uy tneatis of the 
Bliders, s, s', near the Bumniits of the pipes, tliey are either 
brought into unicon or tlirown out of it at pleaaure. They 
are not at present in nnison, and the beats they prodiKw 
follow each other with gisat rapidity. The flame con- 

' DfMribp'.i in Thaptpr V., p. 2IG. 
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ncwted with the ccntnil membmnee dances in time to the 
beats. When bi-onglit nearer to anboQ, the beate arc 




slower, ;ni.l till' Ihunc at ^.;i,',-,.h\  idl.-n ;n.- ii illidniws ita 
lif^ht aiiil appears to exlinle it. A procesa whidi reminds 
yoii of the inspiration anii exjttration of the breath le thus 
carried on hj the flume. If the mirror, u, be now turned, 
tlie flume produces a luminous band — continues at certain 
(jliiees, but for the most part broken into distinct images 
uf tlie tiame. Tlie continuous parts correspond to the 
intervals of interference where the two sets of vibrations 
abolish each other. 

Instead of pciiuitting both pijiee to act upon the same 
Hatne, we may associate a flame with each of them. The 
deportment of tlie flames is tlien veij iiistmctive. Imag- 
ine both flames to be in the same vertical line, the ono 
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of them being exactly under the other, IJriiigiug the 
j>ipea into unison, and turning the mirror, we resolve each 
Hanie into a ehain of images, but we notice that the im- 
ages of tlie one occupy the spaces between the images of 
llie otlier. The periods of extinction of the one tianie, 
therefore, eorrespoud to the pt-riods of kindling of tlie 
i)tlier The experiment preves that, wlien two unisonant 
pipes are placed thus close to each other, their vibratioua 
are in opposite phases. The consequence of this is, tlint 
the two sets of vibrations pennariently neutralize each 
othei", so that at a little distance from the pipes you fail tu 
hear the fundamental tone of either. For this reason we 
cannot, with any advantage, place close to each other iu ad 
organ several pipes of the same pitch. 

§ 5. L/tsiijoits't lUadration of Beatu of Two Tuning 
forks. 

In the case of beats, the amplitude of the oscillating 
air reaches a maximum and a minimum periodically. By 
the beautiful method of M. Lissajous we can illustrate 
optically this alternate augmentation and diminution of 
amplitude. Plaining a large tuning-fork, t', Fig. 156, in 
front of the lamp l, a luminous beam is received upon 
the mirror attached to the fork. This is reflected back to 
the mirror of a second fork, t, and by it thrown on to tlie 
Bcreen, where it forms a luminous disk. When the bow is 
drawn over the fork t', the beam, as in the expeTimentB 
described in the second chapter, is tilted up and down, the 
disk npon the screen stretching to a luminous band llirce 
feet long. If, in drawing the bow over this second fork, 
the vibrations of both coincide in phase, the band will l>e 
lengthened; if the phases are in opijosition, total or partial 
neutralization of the one fork by the other will be the ro 
Bult. It SO happens that in tlie present instance the rwohJ 
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foi'k adds something to the action of the fij-st, the band of 
light being now four feet long. These forks have been 
tuned as perfectly as posBibla. Each of them executes ex- 
actly 6i vibrations in a second ; the initial relation of tlieii 
phases remains, therefore, constant, and hence yon notict- 
n gradual shortening of the luminous band, like that ob 




served during the Bnbsidenee of the vibrations ot a single 
fork. The baiid at length dwindles to the original disk, 

which remains motionless upon the Bcreen. 

By attaching, with wax, a threepenny-piece to the 
prong of one of these forks, its rate of vibration is lowei'ed. 
The phases of the two forks cannot now retain a eonstiml 
relation to each other. One fork incessantly gains upon 
the other, and the consequence is that sometimes the phueea 
of both coincide, and at other times they are in opposition. 
Observe the result. At the present moment the two forks 
conspire, and we have a luminous band four feet long upon 
Uie screen. This slowly contracts, drawing itself up to a 
mere disk ; but the action halts here only during the moment 
of opposition. That passed, the forks begin ag:iiu to assist 
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BBiii itXtar, Mid U*e disk taax mtov di.>wh- 
imuL 'I'iit mSiutt JieKe k ve^ aiaw; iati it innr te ^pucfc- 
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■cOmi tlwodier. 
ft. la twovecNDdis 

WbcMwe a^g^MSt the £■<>- 

0nHS br ittntAng the load, the tbTdniBc lengtheubie 
Mid AtKUmag <rf the bisd ii mtwe nifwd, vhUe die !>• 
temitiart luun of the forin u mora mdible. Tben are 
now i^ dangstione xnd dioilcDingB in tbe iateml taken 
up a iDMiwiit ago by one; the beats at tbe iame time be- 
in)^ bean) at tlje nit« of three a aeeood. Bt loading the 
fork ■till niore, tlie alleniationa loa; t>e canned to succeed 
each otli«r ao rapidi; tbat tbey can no longer be followed 
Uy tlie eye, while the beats, at the same tune, cease to be 
individually dj»tinct, nnd appeal as a kind of roiiglineM to 
(lie ear. 

Id the experimenta with a single tnniog-fork, already 
dtwcribcd (Fig. 22, Chapter II.), the beam reflected from the 
fork wna received on a looking-glasg, and, by tnmiag the 
glHM, the hand of light on the screen was caused to stretch 
out into a lung wavy ^ine. It was explained at the time 
that the loudnisM of (he sound depended on tbe depth of 
the Indt^ntnlione. Hence, if the band of light of varying 
length now before us on tbe screen he drawn out in a unu- 
oua lino, the indentations ought to be at Bome places deop, 
while at otliorH thoy oitglit to vjinisli altogether. This is 
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the case. By a little tact the mirror of tlie fork t (Fig. 
lad) IB caused to turn tlirough a email angle, a sinuous 
line composed of ewellings and contractions (Fig. 157) 
being drawn upon the screen. The swellings correspond 
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to the periods of sound, and tlie coniractlons to those of 
silence. 

Two vibrating hodies, then, each of which separately 
prodaces a musical sound, can, when acting together, 
neutralize each other. Hence, by quenching the vibra- 
tions of one of them, we maj give sonorous effect to the 
other. It often happens, for instance, that when two 
tuning-forks, on their resonant cases, are vibrating in 
unison, the stoppage of one of them is accompanied hy 
an augmentation of the sound. This point may be further 
illustrated by the vibrating bell, ali'eady described (Fig. 78, 
Chapter IV.). Placing its resonant tube in front of one 
of its nodes, a sound is heard, but nothing like what is 
heard when the tube is opposed to a ventral segment. The 
reason of this is that the vibrations of a belt on the oppo- 
site sides of a nodal line are in opposite directions, and 
they therefore interfere with each other. By introducing 
a glass plate between the bell and the tube, tlie vibrations 
on one side of the nodal line may be intercepted ; an 
instant angmentation of the sound is the consequence. 

' The tlgare la bat • meagro represenlB^on of th« fact. Th« band of 
M^lit wnn tiro inchea wide, the depth of the dnaoaiti«« vKrrini; ftom three 
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g 6. Interference of Waoea from a V&nxting Ditk. 
Hopkmis aiid Liasajoug^s /Uustralions. 

In & vibrating diek over; two adjacent sectors move at 
the same time in opposite directions. When the one 
sector riBes the other falls, the nodal line marking the 
limit between theiu. Hence, at the moment when anj 
sector product^e a condensation in the air above it, the 
adjacent sector produces a rarefaction in the same air. A 
partial destruction of the sound of one sector by the other 
is the result. Yon will 
"^ "*■ _ now understand the in- 

strument by which the 
late Wiiliaiii HopldnB 
illustrated the principle 
of interference. The tube 
A B, Fig. 158, divides at b 
into two branches. The 
end A of the tube is 
closed by a membrane. 
Scattering sand upon this 
membrane, and holding 
the ends of the branches 
over ad^acejU sectors of 
a vibrating disk, no mo- 
tion (or, at least, an extremely feeble motion) of the sand 
is perceived. Placing the ends of the two branches over 
altemate sectors of the disk, the sand ia tossed from the 
membrane, proving that in this case we have coincidence 
of vibration on the part of the two sectors. 

We are now prepared for a very instructive experi- 
ment, which we owe to M. Lissajons. Drawing a bow 
over the edge of a brass disk, I divide it into six vibrat- 
ing sectors. When the palm of the hand is brought 
over any one of theui, the sound, instead of being i 
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uiiiiiahe^, is augmented. When two handB are placed 
over two adjacent sectors, jou notice no increase of 
the Bound; but when they are placed over aUemaU 
sectors, as in Fig. 159, a striking augmentation of tlip 
sound is the consequence. 
By simply lowering hdiI 
raising the hands, marked 
variations of intensity sire 
produced. By the approach 
of the liands the vibrations 
of the two seetora are in- 
tercepted ; their interfer- 
ence right and left lieing 
thus abolished, the remain- 
ing sectors sound more 
loudly. Passing the single -^z^ 
hand to and fro along the 
surface, you also hear a rise 
and fall of the sound. It rises when the hand is over 11 
vibrating sector; it falls when the hand is over a nodal 
line. Thus, by sacrificing a portion of the vibrations, we 
make the residue more effectual. Experiments similar to 
these may be made with light and radiant heat. If of 
two beams of the former, which destroy each other by 
interference, one be removed, light takes the place of 
darkness; and if of two interfering beams of the latter 
one be intercepted, heat takes the place of cold. 

I 1. Qu«nchwig the Sound of one Prang of a Tuning 
fork hy t/iat of the other. 

You have remarked the almost total absence of sound 
on the part of a vibrating timing-fork when held free in 
the hand. The feebleness of the fork as a sounding body 
trisee in part from inlerference. The prongs iilwiiys vi- 




brftta in oppoute directiouB, one prodiuung & conJensatioii 
where the other prodaoes a rarefaction, a destruction of 
Bound being the conseqnence. By simply passing s paste- 
board tube over one of tlie prongs of the fork, its vlbrstiona 
uro in part intercepted, and an augtuentatiou of the souu<^ 
is tlic result. The single pi-ong is thus proved to be more 
effeiituul than the two prongs. There are positions in 
B'liich the destruction of the sound of one ])roag by that 
of the other is total. These positions are ea^ly found by 
striking the fork 
s^ . In. iw. ^^ and turning it 

/ round before the 

''' ear. \VheQ the 

back of the prong 
is parallel to the 
ear, the soaod is 
heard; when the 
side surfaces of 
both prongs are 

y\ parallel to the 

■■v ear, the sound is 

'\ also heard ; but 
when the ootmt 
of a prong is carefully presented to the ear, the sound is 
utterly destroyed. During one complete rotation of the 
fork we tind four positions where the eonnd is thus ob- 
literated. 

Let as (Fig. 160) represent the two ends of the tnr.tog 
fork, lookeildowuuponit as it stands upright. When the ear 
is placed at a or b, or at c or d, the sound is heard. Along 
the four dotted lines, on the contrarj', the waves generated 
by the two prongs completely neutralize each other, and 
nothing is there heard. These hnes have been proved by 
Weber to be hyperbolic curves; and this must be th^ 
character according to the principle of interference. 
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must be th^^l 
'erenoe. J^^H 




I 



This remarkable case of iuterforenoe, which wua first 
nuticed by Dr. Thomas Young, and thoroughly iuvesti- 
giited by the brothers Webgr, may be rendered audible 
by means of resonance. Bringing a vibrating fork over 
a jar which reeoimds to it, and causing the fork to ro- 
tate dowly, in four positions we have a loud resonance; 
in four others absolute silence, alternate risings and fall- 
ings of the sound accompanying the fork's rotation. While 
the fork is over the jar with its comer downward and 
the sound entirely extinguished, let a pasteboard tube be 
passed over one of its prongs, as in Kig. 161, a lomi 
resonance announces P,a. m 

the withdrawal of 
the vibrations of i 
tliat prong. To otj- 
tain this effect, the 
fork must be held 
over the centre of 
the jar, so that the 
air sliall be symmet- 
rically distributed on 
bothsideeofit. Mov- 
ing the fork from 
the centre toward 
one of the sides, without altering its inclination in the 
least, we obtain a forcible sound. Interference, however, 
is also possible near the side of the jar. Holding the 
fork, not with its comer downwai-d, but with both its 
prongs in the same horizontal plane, a position is soon 
found near the aide of the jar where the sound is extin- 
guished. In passing completely from side to side over 
the mouth of the jar, two sncli pl.4ces of interference are 
disi'overable. 

A variety of experiments will suggest themselves to 
tho reflecting mind, by which the effect of interference 
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inaj be illoBtrated. It is e&sy, for esample, to find t 
wLicb reBOimda to & vibr&ting plate. Such a Jar, placed 
over a vibrating Begment of the plate, produces a powerfui 
reeonance. Placed over a nodal line, the resonance ia 
entirely absent; but if a piece of paeteboard be int«rpoaed 
between the jar and plate, so as to cut off the vibratiom 
on one side of the nodal line, the jar instatitl; resounds 
to the vihratiuns of the other. Again, holding two forks, 
which vibrate with the same rapidity, over two reeonant 
jars, the sound of both Hows forth in unison. When a 
bit of wax is attached to one of the forks, powerful beats 
lire heard. Removing the wax, the unison is restored. 
When one of these unisonant forks is placed in the flame 
of a spirit-lamp its elasticity is changed, and it produces 
long loud beats with its iinwarmed fellow.' If while one 
of the forks is sounding on its resonant case the other be 
excited and brought near the mouth of the esse, as in Fig. 
162, loud beats deelaie the absence of uuisoo. Dividing 




a jar by a vertical diaphragm, and bringing one of the 

' In Ilia ndmlrsblo elpednienli! r 
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forks over one of its halves, and the other fork over 
the other; the two semi-cylindere ol' air prodnce beats 
by their interference. Bat the diaphiagrti is not neceft- 
Bary; on removing it, the beats continue as before, one 
half of the same colmnn of air interfeiing with tlie 
othci-.' 

The intermittent sound of certain bells, heard more 
eepecially when their tones are eiibsiding, la an effect of 
interference. The bell, through lack of eynmietry, as ex- 
plained in the fourth chapter, vibrates in one direction a 
little more rapidly than in the other, and beata aie the 
oonsequence of the coalescence of the two different rates 
of vibration. 



RESULTANT TONES. 

We have now to turn from this question of interferente 
to the consideration of a new class of mneical sounds, of 
which the beats were long considered to be the progeni- 
tors. The sounds here refeiTed to require for their pro- 
duction the union of two distinct mnsical tones. Where 
such union is effected, under the proper conditions, result- 
ant tones are generated, which are quite distinct from 
the primaries concerned in their production. They wero 
discovcied in 1745, by a German organist, named Sorge, 
but the publication of the fact attracted little attention. 
. They were discovered independently in 1754, by the cele 
brated Italian violinist Taitini, and after him have beer 
called Tartini's tones. 

To produce them it is desirable, if not necesHaiy, to 
have the two primary tones of considerable intensity. 
Helmholtz prefers the siren to all other means of exciting 

' Sir John Hergchel and Sir C. WlieBUWne, I belieTe, mule thti oiporl 
it iadepciuduillr' 
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them, and with tliis mstrument thej are very readilj 
obtamed. It requires Bonie attentioD at first, on the put 
of the hstcner, to single out the retiultant tone from the 
general mass of sound; but, with a htUe practice, this is 
readily aeconiplished ; and though the uupractised ear inaj 
fail, in the first instance, thus to analyze the sound, the 
claug-tint is iutiuenced in an unmistakable manner by the 
admixture of resultant tones. I set Dove's siren in rota- 
tion, and open two series of holes at the same time; with 
the utmost strain of attention, I am as yet unable to bear 
the least symptom of a resultant tone. Uiging the in- 
strument to greater rapidity, a dull, low droning minglei 
with the two primary sounds. Kaising tlie speed of rota- 
tion, the low, resultant tone rises rapidly in pitch, and 
now, to tlioae who stand close to the instrument, it ie veiy 
audible. The two series of holes here open number S 
and 12 reepeutively. The resultant tone ie in this case an 
octave below the deepest of the two pi-imaries. Opening 
two other series of orifices, numbering 12 and 16 req>eo- 
tively, the resultant tone is quite audible. Its rate of - 
vibration is one-third of the rate of the deepest of the two 
primaries. In all cases, the resvltarit Ume is that vshuih 
eorrespoTida to a rate of v^ration equal to ike differenet 
of the rates of the two j/rimariea. 

The resultant toue here spoken of is that actually 
heard in the experiment. But with finer methods of 
experiment other resultant tones are proved to exist. 
Those on which we haye now fixed our attention are, 
however, the most important. They are called difference 
tones by Helmholtz, in consequence of the law just men- 
tioned. 

To bring these resultant tones audibly forth, Uie pri- 
maries must, as already stated, be forcible. When they 
are feeble the resultants arc unheard. I am acquainted 
witli no method of exciting ihesr tones more simple and 
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EXPERIMENTAL ILLCSTRATIONS. 

effectoal than a pair of suitable singiDg-flames. Two Buch 
flames may be caueed to emit powerful notes — self-created, 
Belf-BUEtained, and requiring no muBcular effort on the 
part of the observer to keep them going. Here are two 
of them. The length of the shorter of the two tubce 
surrounding these flames is ll>| incbes, that of the other 
ie 11-i inches. I hearken to the sound, and in the midst 
of the shrillneee detect a very deep resultant tone. The 
reason of its depth is manifest : the two tubes being so 
nearly alike in length, the difference between their vi- 
brations is small, and the note corresponding to this dif- 
ference, therefore, low in pitch. Lengthening one of the 
tubes by means of its slider, the resultant tone rises 
gradually, and now it swells surprisingly. Wlien the tube 
ie shortened the resnltant tone falls, and thus by alter- 
nately raising and lowering the slider, the i-esultant tone 
is caused to rise and sink in accordance with the law which 
makes the number of its vibrations the difference between 
the number of its two primaries. 

We can determine, with ease, the actual number of vi- 
brations corresponding to any one of those resultant tones. 
The sound of tlie flame ie that of the open tube which 
surrounds it, and we have already learned (Chapter III.) 
that the length of such a tube is half that of the sonorous 
wave it produces. The wave-length, therefore, correspond- 
ing to our lOf-ineh tube is 20J inchea. The velocity of 
Bound in air of the present temperature is 1,120 feet a 
second. Bringing these feet to inches, and dividing by 
30J, we find the number of vibrations corresponding to a 
length of Idf inches to be 648 per second. 

But it must not be forgotten here that the air in 
whifh the vibrations are actually executed is much more 
elastic than the surrounding air. The flame heats the 
»ir of the lube, and the vibrations must, therefore, be 
executed more rapidly than they would be in an ordinary 
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organ-pipe of the same lengtL. Tu determine the aclual 
number of vibrations, we muat fall back upon our siren ; 
and with this instrument it is found that the air within 
tbe 10|-inch tube executes 717 vibrations in a second. 
The difference of 69 vibrations a second is due to the 
heating of the aeria) column. Carbonic acid and aqueous 
va[«)r are, moreover, the product of the flatce'a combus- 
tion, and their presence must also affect the mpiiiity of the 
vibration. 

Determining in the same way the rate of vibrstion oi 
the ll-i-inch tube, we find it to be 667 per second; the 
difference between this number and 717 ia 50, which ex- 
presses the rate of vibration corresponding to the firet deep 
resultant tone. 

But this number does not mark the limit of audibility. 
Permitting the ll'^-inch tube to remain as before, 
and lengthening its neighbor, the resultant tone sinks 
near the limit of hearing. When the shorter lube meas 
ures 1 1 inches, tlie deep sound of tbe resultant tone i£ still 
beard. The number of vibrations per second executed 
in this 11-inoh tube is 700. We have already fonnd the 
number executed in the 11'4-inch tube to be 667; hence 
700—667=33, which is the number of vibrations corre- 
aponding to the resultant tone now plainly heard when the 
attention is converged upon it. We here come very near 
tlie limit which Helmholtz has fixed as that of mueiciil 
iiudibllity. Combining the sound of a tube 17f inches in 
length with that of a lOf-incb tube, we obtain a resultant 
fame of higher pitch than any previously beard. Now the 
actual number of vibrations executed in the longer tube 
id 459 ; and we have already found tbe vibrations of our 
lOf-inch tube to be 717; hence 717—459=258, whidi 
is the number corresponding to the resultant tone now 
audible. This note ia almost exactly that of one of om 
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series of tuning-forks, which vibrates 256 times m a 
second. 

And now we will avail ourselveB of a beautiful check 
wliiuli this rcBult Biiggests to ub. The well-known fork 
which vibrates at the rate just mentioned is here, mounted 
on its case, and I touch it with the bow so lightly that the 
sotiitd iilone could hartUy he heard ; but it instantlj ( 
lesces with the resultant tone, and the beats produced bj- 
their combination are clearly audible. By loading the 
fork, and thus altering its pitch, or by drawing up the 
paper slider, and thus altering the pitch of the flame, the 
rate of these beats can be altered, exactly as when we 
compare two primary tonea together. By slightly varying 
the size of the flame, the same efiect is produced We 
cannot fail to observe how beautifully these results har- 
monize with each other. 

Standing midway between the siren and a shrill sing- 
ing-flame, and gradually raising tfie pitch of the airen, the 
resultant tone soon makes itself heard, sometimes swell- 
ing nut with extraordinary power. Wlicn a pitch-pipe is 
blown near the flame, the resultant tone is also heard, 
seeming, in this case, to originate in the ear itself, or 
rather in the brain. By gradually drawing out the stopper 
of the pipe, the pitch of the reenltant tone is caused to 
vary in accordance with the law already enunciated. 

The resultant tones produced by the combination of 
the ordinary harmonic intervals ' are given in the following 
table : 



' A ]ul>jcct b 
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The celebrated Thomas Tonng thought that these re- 
sultaTit tones were due to tlie co&leBceuce of rapid beats, 
which linked tliemselves togetlier like the periodic im- 
))ulBes of an ordinary mueical Bote. This explanation 
liamionized with tlie fact that the number of the beats, 
like that of the vibrations of the resultant tone, is equal 
to the difference between the two sets of vibrations. This 
explanation, however, is iusnffident. The beats tell more 
forcibly upon the ear than any continuous sound. They 
can be plainly heai-d when each of the two souuda that 
produce them has ceased to be audible. This depends in 
part upon ihe sense of bearing, but it also depends upon 
the fact that when two notes of the same intensity pro- 
duce beats, the amplitude of the vibrating air-particlea 
is at times destroyed, and at times doubled. But by 
doubling the atnplitiide wc quadruple the intensity of the 
Bound. Ueuce, when two notes of the same intensity pro- 
duce beats, f/te sound incessantly varies between sU^nceand 
a tone of four times the iniensiPj <^ either <^ the interftr 
wig ones. 

If, therefore, the resultant tones were due to the beala 
of their primaries, they ought to be heard, even *hen the 
prininries are feeble. But ihey are not heard under these 
ei re um stances. When sevenil sounds tra\'erse the eaine 
air, each particular sound passes through the air aa if it 
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alone were present, each particular clement of a composite 
Bound aeserting its own individuality. Now, thie is iii 
strictness true only when the amplitudes of the oscillating 
particles are infinitely small. Guided by pure reasoning, 
the niathematiL'iau arrives at this result. The law is also 
practically true when the disturbaiiL-es are exh-emely 
Einall ; hut it is itot true after they have passed a certain 
limit. Vibrations which produce a large amount of dis- 
turbance give birth to secondary waves, which appeal to 
the ear as resultant tones. This has been proved by ITelni- 
boltz, and, having proved this, he mferred further that 
there are also resultant tones formed by tlie sum of the 
priraai-ies, as well as by their difference. He thus discov- 
ered the summation-tones before lie liad heard them ; and 
bringing his result to the test of experiment, he found 
that these tones had a real physical existence. They are 
not at all to be explained by Young's theory. 

Another consequence of this departure from the law of 
superposition is, that a single sounding body, which dis- 
torbe the air beyond the limitsof the law of superposition, 
also produces secondary waves, which correspond to the 
harmonic tones of the vibrating body. For example, the 
rate of vibration of the first overtone of a tuning-fork, 
as stated in the fourth chapter, is 6J times the rate of the 
fundamental tone. But Helmholtz shows that a tumng- 
fork, not excited by a bow, but vigorously struck against a 
pad, emits the octave of its fundamental note, this octave 
being due to the secondary waves set up when the limits of 
the law of superposition have been exceeded. 

These considerations make it probably evident to you 
that a coalescence of musical sounds i« a far more com- 
plicated dynamical condition than you have hitherto sup- 
posed it to be. In the iimsic of an orchestra, not only 
have we the fundamental tones of every pipe and of every 
rtring, but we have the overtones of each, sometimes 
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interference of the two sy Btetne of sonorous wave*, 
two Bounds be of the same intensity, their coiucideacej 
duces a sound of four times the intoneitj of either; 
their opposition produces absolute sQence. 

The effect, then, of two such sounds, in combin&t . 
1 series of shocks, which we have called "beats," sepaq 
fi-uin each other by a series of *' pauses." 

Tiie rate at which t!ie beats succeed each other is a 
to the difference between the two rates of vibration. 

AVIieu a bell or disk soundt;, the vibrations on upp« 
sides of the same no<.lal line partially neutmlise i 
other; when a tuning-fork sounds, the vibrationa ot] 
two prongs in part neutralize each other. By cutting 
a portion of the vibrations in these cases the sound a 
be intensified. I 

When a tumiaous b^am, reflected on to a screen flj 
two tnning-forks producing beats, is acted upon by thfl 
bratlons of both, the intennittence of the sound i» 
itounced by the alternate lengthening and shorteniu 
the band of light upon the screen, 1 

The law of the superposition of vibrations above em 
eiated ia strictly true only when the amplitudes are ezta 
ingly small. WTien the disturbance of the air by a BO^ 
ing body is so violent that the law no longer holds g 
secondary waves are formed, which correspond to thel 
monic tones of the sounding body. 

Wlien two tones are rendered so intense as to ex^ 
the limits of the law of supei'positioo, their secondary w 
combine to produce retvitant ioneg. 

Resultant tones are of two kinds; the one class c 
spondiiig to rates of vibration efjual to the differenoi 
the mtes of the two primaries ; the other class correspf 
ing to rates of vibration equal to the sum of the two j 
maries. The former are called differmce-tones, tUe*1a 
miininnfion-Umeii, 
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CHAPTER IX. 

OomLinalJDu or Hu^cal Sounds. — Tbe smaller tbe Two Numbers which oa- 
presB tlie Rstio of tbeir Rotea of Tibrattoa, tbe more perfect U the 
□aniiouy of Two Souiids.~NDtions of the Pjlbagoreans regurding HasU 
c»l Consonance. — Euler'a Theory of Conaonance. — Theorj of Heha- 
ho!tz. — DiBsoDBDce due to Beats. — iDlacference of Prlmar; Tooes and 
of OvcrtoDca. — Uechanism of Bearing. — Shultze's Briatles. — Tbe Oto- 
liths. — Corti'i Fibres. — Gnphlo RepreBcnulioa of Consonatiee ind 
Cissonsjice, — Uusieal Chorda. — The Diiiionic Scnlc, — Optical Bluatm- 
tion of Masic&l laienats LiBaajaua's Fignros. — Sympathetic Vibra- 
tions. — -TatioiiB Uottes of lllubtradng tliu Compoetlion of TibntionB. 

§ 1. The Jihota of Miisiaal Gonaonanoe. 

The subject of this day's lecture has two sides, a physi- 
cal and an icstlieticol. We have to-day to study tlie ques- 
tion of musical congonance — to examine musical sounds in 
definite combination with eacli other, and to unfold the 
reason why some comhlnations are pleasant and others un- 
pleasant to the ear. 

Pythagoi-as made the first step toward the physical ex- 
planation of the musical intervals. This gmat philosopher 
stretched a string, and then divided it into three equal 
parts. At one of its points of division he fixed it firmly, 
thus converting it into two, one of which was twice the 
length of the other. lie sounded the two sections of 
the string Bimultaneoiisly, and found the note emitted 
by the short section to be the higher octave of tliat emitted 
by the long one. He then divided his string into two 
parts, bearing to each other the proportion of 2:3, and 
found that the notes were separated by an interval of o 
fifili. Thus, dividing hia string at different points, Py- 



thagoras found the eo-called conBooant intervals in ningic 
to correspond with certain lengths of his string; and he 
made the extremely important discovery that tJie simple 
the ratio of the twojMirts into which the string toai di- 
vided, the more perfect woe the harmony of the ttpo 
tounds. Pythagoras went no further tlian this, and il 
remained for the iDvestigatorE of a Bubeequent age to 
show tliat the strings act in this way in virtue of the 
relation of their lengths to the number of their vibra- 
tions. Why eimplicity should give pleasure remained 
long an enigma, the only pretence of a solution being 
that of Elder, which, briefly expressed, is, that the human 
Boul takes a constitutional delight in simple calculations. 

The double siren (Fig. 163} enables us to obtain a great 
variety of combinations of musical sounds. And this in- 
strument possesses over all others the advantange that, by 
simply counting the number of orifices corresponding re- 
spectively to any two notes, we obtain immediately the 
ratio of their rates of vibration. Before pmceeding to 
these combinations I will enter a little more fully into the 
action of the double siren than has been hitherto deemed 
necessary or desirable. 

The instrument, as already stated, consists of two of 
Dove's sirens, o' and c, connected by a common axis, the 
upper one being turned upside down. Eacli siren 
provided with four series of apertures, numberiiy 
follows : 

Oppor iliM. I 

Kimili«t'Of AportTir«i- Niual 
iBt Series 16 

SdSerioa ... 16 

bd Serin . . . . la 
4ihSerlei . - .9 

The number 12, it will be observed, is comnKm to 1 
sirens. I open the two scries of 13 orifices eM^j 
urge air through the instrument; both sounds &m 



gether in perfect DDiBon ; the utiiBOu being maintained, 
however the pitch may be exalted. We have, however, 

already learned (Chapter XI.) that by turning the handle 
of the upper siren the orifices in its wind-cbest o' are 
caused either to meet those of its rotating disk, or to re- 
treat from them, the pitch of the upper siren being 
thereby raised or lowered. This change of pitch instantly 
announces itself by beats. The more rapidly the handle 
is turned, the more is the tone of the upper siren raised 
above or depressed below that of the lower one, and, as a 
consequence, the more rapid are the beats. 

Now the rotation of the handle is so related to the 
rotation of the wind-chest c' that when the handle turns 
through half a right angle the wind-chest turns through 
|th of a right angle, or through the j'jth of its whole cir- 
cumference. But in tlie case now before us, where the 
circle is perforated by 19 orifices, the rotation through 
jij-th of its circmufereTice causes the apertures of the 
upper wind-chest to be closed at the precise moments 
when those of the lower one are opened, and vioa versa. 
It is plain, therefore, that the intervals between the puffs 
of the lower siren, wluch correspond to the rarefactions ol 
its sonorous waves, are here filled by the puffs, ot con- 
densatioiis, of the upper siren. In fact, the condensations 
of the one coincide with the rarefactions of the other, and 
tlie absolute extinction of the sounds of both eirena is tha 
consequence. 

I may seem to yon to have exceeded the truth here ; for 
wl«en the handle is placed in the position which correspond* 
lo absolute extinction, you still hear a distinct- sound. And, 
when the handle is turned continuously, though alternate 
swellings and ankinga of tlie tone occur, the sinkings by 
no means amount to absolute silence. The reason is this: 
The sound of the siren is a highly composite one. By 
the suddenness and violence of its shocks, not only does it 
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produce waves corresponding to the nurnber of its oiifieee, 
but the aerial disturbance breaks up into secondary wares, 
which associate themselves with the primary waves of the 
instmmeut, exactly as the harmonics of a string, or of an 
open organ-pipe, mix with their fundamental tone, Wlien 
the siren sounds, therefore, it emits, besides the funda- 
mental tone, its octave, its twelfth, its double octave, and 
so oti. That is to say, it breaks the air up into vibrations 
which have twice, three times, four times, etc., the ra- 
pidity of the fundamental one. Now, by turning the 
upper siren through jifth of its circumference, we extin- 
guish utterly the fimdamental tone. But we do not ex- 
tinguish its octave." Hence, when the handle is in the 
position which corresponds to the extinction of the funda- 
mental tone, instead of silence, we have the full first har- 
monic of the instrument. 

Helrnholtz has surrounded botli his upper and his lower 
siren with circular brass boxes, b, b', each composed of 
two halves, which can be readily separated (one half of 
each box is removed in the figure). These boxes exalt 
by their resonance the fundamental tone of the inatm- 
ment, and enable us to follow its variations much more 
easily than if it were not thus reenforced. It requires a 
certain rapidity of rotation to reach the maximum reso- 
nance of tiie brass boxes ; but when this speed is attained, 
the fundamental tone swells out with greatly augmented 
force, and, if the handle be then turned, the beats succeed 
each other with extraordinary power. 

Still, as already stated, the pauses between the beats 
of the fundamental tone are not intervals of absolute 
silence, but are filled by the higher octave; and thie 
renders caution Tiecessary when the instrument is em- 
ployed to determine rates of vibration. It is not without 



reaeoa that I eay so. WiBbuig to determine tlie mtc uF 
vibratiuit of a small singing-fliiDie, 1 once placed n tinu 
at Bome distance from it, sounded the instnuneut, sud 
after a little time observed tbe dame dancing in sjn- 
elironiBm with audible beats. I took it for granted that 
unison was nearly attained, and, under this assumption, 
determined the rate of vibration. The number obtained 
was surprisingly low — indeed not more than half what 
it ought to be. "What was the reason t Simply this : 
I WHS dealing, not with the fundamental tone of the 
siren, but with its higher octave. This octave and tJie 
flame produced beats by their coalescence ; and hemes the 
counter of the instrument, which recorded the rate, not of 
the octave, but of the fundamental, gave a number which 
was only half the true one. The fundamental tone was 
afterward raised to unison with tlie flame. On approach- 
ing unison beats were again heard, and the jumping of 
the flame proceeded with an energy greater than that 
observed in the case of the octave. The counter of the in- 
strument tlien recorded the accurate rate of the flame'ft 
vibration. 

The tones first heard in the case of the siren are al- 
ways overtones. These attain sonorous continuity sooner 
than the fundamental, flowing as smooth musical soonds 
while the fundamental tone is still in a state of intermit- 
tence. The siren is, however, bo delicately constructed 
that a rate of rotation which raises the fimdamentAl tone 
above its fellows is almost immediately attained. And 
if we seek, by making the blast feeble, to keep the speed 
of rotation low, it is at the expense of intensity. Hence 
the desirability, if we wish to examine the overtones, of 
devising some means by which a strong blast and alow 
rotation shall be possible. 

Ilelmholtz caused a spring to press as a light brake 
against the disk of the siren. Tims raising by slow A» 
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grebs tbe speed of rotation, he was able deliberately to 
uotice the predoniinaiicG of the overtonea at the commence- 
ment, and tbe Bnal triumph of the fundamental tone. He 
did not trust to tlie direct obserration of pitch, but deter- 
mined the tone by the number of beats corresponding to 
one revolntion of the handle of the Tipper siren. Suppos- 
ing 12 oriliceti to be opened above and 12 below, the mo- 
tion of the handle throngh 45° produces interference, and 
extinguishes the fundamental tone. The coincidences of 
tliat tone occur at the end of every rotation of 90". Hence, 
for the fundamentnl tone, there must hej^our beats for 
every complete rotation of the handle. Now Helmholtz, 
when he made the arrangement just described, tbnnd that 
the first beats numbered, not 4, but 12, for every revolu- 
tion. ITiey were, in fact, the beats, not of tbe funda- 
mental tone, not even of tbe first overtone, but of the 
second overtone, whose rate of vibration is three times 
that of tbe fundamental. These beats continued as long 
as the number of air-shocka did not exceed 30 or 40 per 
second. When tbe shocks were between 40 and 80 per 
second, the beats fell from 13 to 8 for every revolution of 
the handle. Within this interval tbe first overtone, or 
the octave of tbe fundamental tone, was the most power- 

tful, and made the beats its own. Not until tlie impulses 
exceeded 80 per second did tbe beats sink to 4 per revo- 
lution. In other words, not until tbe speed of rotation 
had passed this limit wm the fundamental tone able tjj 
Bwert itB superiority over its companions. 

This premised, we will combine the tones in defi- 
nite order, while tbe cultivated ears here present shall 
judge of their musical relations!] i]i. Tbe ilow of perfect 
^_ anison when the two series of 12 uriiices each are opened 
^vhas been already beard. I now upon a scries of 8 bolea 
^Biin the upper, and of 16 in tbe lower siren. Tbe interval 
^H yon judge at once to be an octave. If a series of 9 holes 
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in the upper and of 18 holes in the lower aireu be opened, 
the interval is Btill an octave. This proves that the inter 
val ifi not dleturhed bj altering the absolate rates of n- 
bration, so long as the raiio of the two rales remaioe the 
e:ime. The B.ime truth is more strikingly illustrated by 
commencing with a low speed of rotation, and urging the 
siren to its highest pitch ; as long as the oritices are in the 
ratio of 1 : 2, we retain the constant interval of an octave- 
Opening a aerieB of 10 boles in the opper, and of 15 in the 
lower siren, the ratio is as 2 : 3, and every masician present 
knows that this is the interval of a fifth. Opening 12 
lioJes in the upper, and 18 iu the lower siren, does not 
change the interval. Opening two series of 9 and 12, or 
of 12 and 16, we obtain an interval of a fourth ; the ratio 
in both tliose cases being as 3 : 4. In like manner twc 
series of 8 and 10, or of 12 and 15, give us the interval of a 
major third ; the ralio in this case being as 4 : 5. Finally, 
two seiics of 10 and 1 2, or of 15 and IS, yield the inter- 
val of a minor third, *liich corresponds to the ratio 5 : 6. 
These experiments amply illustrate two things : First- 
ly, that a niufiical interval is determined, not by the ab- 
solute number of vibrations of the two combining notes, 
but by the ratio of their vibrations. Secondly, and this 
is of the uttiiost significance, that the smaller tiie two 
numbers which express the ratio of the two rates of 
vibration, the more perfect is the consonance of the 
two sounds. The most perfect consonance is the uoison 
1:1; next comes the octave 1:2; after tliat the 6fth 
2:3; then the fourth 3:4; then the major third 4 : 6 j 
and finally the minor third 5 : 6. We can also open 
two series numbering, respectively, 8 and 9 orifices: this 
interval corresponds to a tone in music. It is a disso- 
nant coinliinution. Two series which number respectively 
1 5 and 16 orifices make the interval of a ttmi-Ume: it ts 
a verj' sharji and grating dissonanca 
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I 2. 2%s Theory of Musical ConsoTMnoe. Pythatjorat 
and Evler. 

Wlience, then, -does this arise) Why should the 
■mailer ratio express the more perfect coQBoiiance } The 
ftncienta attempted to solve this qtteetion. ITie Pythago- 
reaiiB found intellectual repose in the answer "All is nam- 
ber and harmony." The namerical relations of the seven 
notes of the musical scale were also thought by them to 
express the distances of the pianeta from tlieir centi-al fire ; 
hence the choral dance of the worlds, the " music of the 
spheres," which, according to his followers, Pythagoras 
alone was privileged to Lear. And might we not in pass- 
ing contrast this glorious superstition with the groveling 
delusion which has taken hold of the fantasy of our day! 
Were the character which superstition assumes in different 
ages an indication of man's advance or retrogression, aa- 
Buredly the nineteenth century would have no reason to 
plnme itself, in comparison with the sixth, b. o. A more 
earnest attempt to account for the more perfect conso- 
nance of the smaller ratios was made by the celebrated 
mathematician, Euler, and his explanation, if snch it 
could be called, long silenced, if it did not satisfy, in- 
qnirers. Euler analyzes the cause of pleasore. We take 
delight in order; it is pleasant to us to observe means 
" cooperant to an end." But then, the effort to discern 
order must not be so great aa to weary ua. If the rela- 
tions to be disentangled are too complicated, though we 
may see the order, we cannot enjoy it. The simpler the 
terms in which the order expresses itself, the greater is 
our delight. Hence the superiority of the simpler ratios 
in music over the more complex ones. Consonance, then, 
according to Enler, was the satisfaction derived from the 
perception of order without weariness of mind. 

"" in this theorv it was overlooked that Pythagoras 



himself, wlio first experimented on the musical intervals, 
knew nothing about rates of vibration. It was forgotten 
tliat tlie vast majority of those who take delight in mosie, 
and who have the sharpest ears for the detection of a dis- 
Bonanee, are in the condition of Pjthagoi-as, knowing 
notliing whatever about rates or ratios. And it maj also 
be added that the scientific man, who is fully informed 
upon these points, has hie pleasure in no way enhanced 
by his knowledge. Euler's explanation, therefore, does 
not satisfy the mind, and it was reserved for an eminent 
German investigator of our own day, after a profound 
analysis of the entire question, to assign the physical 
cause of consonance and dissonance — a cause which, when 
once clearly stated, is so simple and satisfactory as to 
excite surprise that it remained so long without a dis- 



Various expressions employed in our previous lectures 
have already, in part, forestalled TTclmholtz's explanation 
of consonance and dissonance. Let me here repeat an 
experiment which will, almost of itself, force this ex- 
planation upon your attention. Before you are two jets 
of bnming gas, which can be converted into smging- 
flames by inclosing them within two tubes (represented 
in Fig. 118j. The tubes are of the same length, and the 
tiames are now singing in unison. By means of a tele- 
scopic slider I lengthen slightly one of the tubes; yon 
hear deliberate beats, which succeed each other so slowly 
that they can readily be counted. I augment still further 
the length of the tube. The beats are now moi-e rapid 
than before: they can barely be counted. It is perfectly 
manifest that tlie shocks of which you are now sensible 
differ only in point of rapidity from the slow beats which 
you heard a moment ago. There is no breach of con- 
tinuity hei*. We begin slowly, wc gradually increase the 
rapidity, until finally the succession of the beats is so 
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npid as to produce that particular grating effect which 
BTery musician that hears it would call diasonaiice. Let 
OS now reverse the process, and pass from these qoicit 
beats to slow ones. The same coatinuity of the phe- 
nomenon is noticed. By degrees the heats separate from 
each other more and more, until finally tliey are slow 
enough to he connted. Thus these singing-flames enable 
OB to follow the heats with certainty, until they cease to 
be beats, and are converted into dissonance. 

This experiment proves conclusively that dissonance 
may I)e produced by a rapid succession of beats ; and I 
imagine this cause of dissonance would have been poiuted 
out earlier, had not men's minds been thrown off the prop- 
er track by the theory of " resultant tones " enunciated by 
Thomas Young. Young imagined that, when they were 
quick enough, the beats ran together to form a resultant 
tone. He imagined the linking together of the beats to 
be precisely analogous to the linking together of simple 
mneical impulses; and lie was slrengthened in this notion 
by the fact already adverted to, tliat the first difference- 
tone, that is to say, the loudest resultant tone, corresponded, 
as the beats do, to a rate of vibration equal to the differ- 
ence of the rates of tlie two primaries. The fact, how- 
ever, is, that the eff'ect of beats upon the ear is altogetlier 
different from that of the successive impulses of an ordi- 
nary musieni tone. 

§ 3. SijmpaiJietia Vibrations. 

But to gi'asp, in all its fullness, the new theoiy of moai- 
enl consonance some preliminai-y studies will be necessary. 
And here I would ask you to call to mind the experi- 
ments (in Chapter III.) by which the division of a string 
into its harmonic segments was illustrated. This was 
done bv means of little paper riders, which were un 




boTBed, or not, according m they occupied & ventral ob^ 
ment or a node upon the Btring. Before jou at present 
ia the sonometer employed in the experiments joat re- 
ferred to. Along it, instead of one, are stretched two 
strings, about three inches aennder. By means of a key 
these strings are bronght into unison. And now I place 
a little paper rider upon the middle of one of them, and 
agitate the other. What occurs J The vibrations of the 
sounding string are communicated to the bridges on 
which it rests, and through the bridges to the other 
string. The individnal impulses are very feeble, but, 
because the two strings are in unison, the impnlaes can 
so accumulate as finally to toss the rider off the untouched 
string. 

Every experiment executed with the riders and a sin- 
gle string may be repeated with these two QDisoaant 
strings. Damping, for instance, one of the strings, at a 
point one-fourth of its length from one of its ends, and 
placing the red and blue riders formerly employed, not on 
the nodes and ventral segments of the damped string, 
but at points upon the second string exactly opposite to 
those nodes and segments, when the bow ia passed across 
the shorlcr segment of the damped string, the five red 
riders on the adjacent string are unhorsed, while the four 
blue oaes remain tranquilly in their places. By relaxing 
one of the strings, it is thrown oot of unison with the 
other, and then all efforts to nuhorse the riders are un- 
availing. That accumulation of impulses, which unison 
alone renders possible, cannot here take place, and the 
consequence is, that however great the agitation of the 
one string may be, it fails to produce any sensible effect 
upon the other. 

The influence of synchronism may be illustrated in n 
atill more striking manner, by means of two tuning-forks 
which sound the same note. Two such forks nionntedcj 
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tbeir I'esoQUnt supports iirc placed upon the table. I draw 
the bow vigorously acroBs one of tliem, permitting the 
other fork to remain untouched. On etopping the agi- 
tated fork, the sound is enfeebled, but hy no meana 
qiieiiclied. Through the air and through the wood the 
ribrationfl Lave been conveyed from fork to fork, and the 
wntoucbed fork la the one yon now bear. When, by means 
i.f a morsel of wax, a small coin is attached to one of the 
forks, its power of influencing the other ceases ; the change 
in ibe rate of vibration, if not very small, so destroys the 
sympathy between the two forks as to render a response 
impossible. On removing the coin the untouched fork 
responds as before. 

This communication of vibrations through wood and 
air may be obtained when the forks, mounted on their 
cases, stand several feet apart. But the nbrations may 
also he communicated through the air alone. Holding the 
resonant case of a vigorously vibrating fork in my band, I 
bring one of its prongs near an unvibrating one, placing 
the prongs back to back, but allowing a space of air to 
exist between them. Light as is the vehicle, the accu- 
mulation of impulses, secured by the perfect unison of 
the two forks, enables the one to set the other in vibi-a- 
tion. Extinguishing the sound of the agitated fork, that 
which a moment ago was silent continues sounding, 
hai-ing taken up the vibrations of its neighbor. Re: 
moving one of the forks from its resonant case, and 
striking it against a pad, it is thrown into strong vibra- 
tion. Held free in the air, its sound is audible. But, 
L on bringing it close to the silent mounted fork, out of 
I the silence rises a full mellow sound, which is due, not 
I to the fork originally agitated, but to its sympatbetic 
neighbor. 

Various other examples of the influence of synchro- 
\ nism, already brought forward, will occur to yon here ; and 



cases of the kind migbt he indefioitely multiplied. If 
two clocks, for example, with peiidiilumB of ttie same 
period of vibration, be placed against tbe same wall, and 
if one of the clocks is Bet going and the other not, the 
ticks of the moving clock, trausmitted tlirough the wall, 
will act upon its neighbor. The quieecent penduhnn, 
moved by a single tick, swings through an extremely nii- 
nute arc ; but it retnms to the limit of its swing just in 
time to receive another impulse. By the continuance of 
this process, the impulses so add themselves together sta 
finally to set the clock a-going. It is by this timing of 
impulses that a properly-pitched voice can cause a glasa 
to ring, and that the sound of an organ can break a partic- 
ular window-pane. 
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§ 4. Sympaihetic Vibration in Relation to Hie St 
Ear. 

If I dwell so fully upon this subject, it is for the por- 
pose of rendering intelligible the manner in which sono- 
rous motion is commnnieated to the auditory nerve. In 
the organ of heai-ing, in man, we have lirst of all the 
external orifice of the ear, closed at the bottom by the 
circular tympanic membrane. Behind tiiat membrane is 
the drum of the ear, this cavity being separated from the 
space between it and the braiu by a bony partition, in 
which there are two orifices, the one round and the other 
oval. These orifices are also closed by fine membranes. 
Across the drum stretches a aeries of four little bones. 
The first, called the hammer, is attached to the tympanic 
membrane ; the second, called the anvil, is connected by 
ft joint with the hammer; a third little I'ound bone con- 
nects the anvil with tlie atirrujhione, the base of which 
is planted against the meinbrane of the oval orifice jiist 
referred to. This oval meinbrane is almost covered bj 
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Uie stirrap-bone, a narrow rim ouly of tlie membrana 
Bun'ounding the bone being left uncovered. Cehiiid the 
bony partition, and between it and the brain, we have the 
extraorUiuary organ called tbe labyrinth, tilled with water, 
over the lining membrane of wliieh are distributed the 
terminal fibres of the anditory nerve. Wlien the tympanic 
membrane receiveB a shock, it is transmitted through tbe 
series of bones above referred to, being concentrated 
on tbe membrane against which the base of the stirrup- 
bone is fixed. The membrane transfers the shock to the 
water of the labyrinth, which, in its turn, transfers it to 
the nerves. 

The transmission, however, is not direct. At a cer- 
tain place within the labyrinth exceedingly fine elastic 
bristles, terminating in sharp points, grow up between 
the terminal nerve-fibres. These bristles, discovered by 
Max Schultze, are eminently calculated to sympathize 
with such vibrations of tbe water as correspond to their 
proper periods. Thrown thus into vibration, the bristles 
stir tbe nerve-libres wbicli lie between their roots. At 
another place in tbe labyrinth we liave little crystalline 
particles called oioliles — the Horsteine of the Germans 
— imbedded among tbe nervous filaments, which, when 
they vibrate, exert an intermittent pressure upon the ad- 
jacent nerve-fibres. Tbe otolites probably serve a dif- 
ferent purpose from that of the bristles of SchultKe. 
They are fitted, by their weight, to accept and prolong 
the vibrations of evanescent sounds, which might other- 
wise escape attention, while the bristles of Schultze, be- 
cause of their extreme lightness, would instantly yield up 
an evanescent motion. They are, on the other liand, emi- 
nently fitted for the transmission of continuous vibrations. 
Finally, there is in tbe labyrinth an organ, discovered 
by the Marchese Corti, which is to all appearance a musi- 
l 0h1 instrument, with its chords so stretched as to accept 



vibrationa of different periods, and transmit them to tha 
nei-ve-filaments which traverse the organ. Within the 
ears ui men, and without their knowledge or contrivance, 
this lute of 3,000 Btrings ' has existed for ages, accepting 
the music of the outer world and rendering it tit for re- 
ception hj the brain. Each musical tremor which falls 
upon this organ selects from the stretched fibres the one 
appropriate to its own pitch, and throws it into unisonant 
vibration. And thus, no matter how complicated the mo- 
tion of the external air may be, these microscopic strings 
can analyze it and reveal the conetituents of which it is com- 
jTOsed, Surely, inability to foel the stupendous wonder of 
what is here revealed would imply incompIeteneBB of 
mind; and surely those who practically ignore, or fear 
them, must be ignorant of the ennobling influence which 
such discoveries may be made to exercise upon both the 
emotions and the understanding of man. 

§ 5. Conmnant Intervals in Belaiion to th^ Human &r. 
This view of the use of Corti's fibres is theoretical; 
but it comes to us commended by every appearance of 
truth. It wUl enable us to tie together many things, 
whose relations it would be otherwise difficult to discern. 
When a musiL'a] note ia sounded its coiresponding Corti's 
fibre resounds, being moved, as a string is moved by a 
second unisonant string. And when two sounds coalesce 
to produce beats, the intermittent motion is transferred 
to the proper fibre within the ear. But here it is to be 
noted that, for the same fibre to be aflfected simultaneously 
by two different sounds, it must not be far removed in 
pitch from either of them. Call to mind our repetition 
of Melde's experiments (in Chapter III). Ton then had 
frequent occasion to notice that even, before perfect syiif 
ctronism had been established between the string and the 
' Acoordiitg hi Kdllilier, iJiis ia tba Diober ortibret is Corti's ort;ui. 




RELATION OF BliLATS TO COETI'S OKGAM. 



401 



tuniiig-fork to wMch it was attached, the string began to 
respond to tlie fork. But yon also noticed how rapidly 
the vibrating amplitude of the string increased, as it came 
close to perfect synchronism with the vibrating fork. On 
approaching unison the string would open out, 8ay to 
an amplitnde of an inch ; and then a slight tightening or 
slackening, as the case might be, would bring it up to uni- 
son, and cause it to open out suddenly to an amplitude of 
six inches. 

So also in reference to the experiment made a moment 
ago with the sonometer; you noticed that the nahorsing 
of the paper riders was preceded by a fluttering of the 
bitfi of paper ; showing that the sympathetic response of 
the second string had begun, though feebly, prior to per- 
fect synchronism. Instead of two strings, conceive three 
strings, all nearly of the same pitch, to be stretched upon 
the sonometer ; and suppose the vibrating period of the 
middle string to lie midway between the periods of Its 
two neighbors, being a little higher than the one and a 
little lower than the other. Each of the side strings, 
sounded singly, would cause the middle string to respond. 
Sounding the two side strings together they would jiro- 
dnce beats ; the corresponding interntittence would be projv 
agated to the central string, which would beat in syn 
chronism with the J)eatB of its neighbors. In this way 
we make plain to our minds Iiow a Corti's fibre may, to 
some extent, take up the vibrations of a note, nearly, but 
not exactly, in unison with its own ; and that when two 
notes close to the pitch of the fibre act upon it together, 
.their beats are responded to by an intermittent motion 
on the part of the fibre. This power of sympathetic 
vibration would fall rapidly on both sides of the perfect 
Tmison, so that on increasing the interval between the two 
notes, a time would soon arrive when the same fibre would 
■.nfnse to be acted on simultaneously by both. Here the 
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condition of the organ, necessary for Uie percejjtlon of 
audible beats, would cease. 

In the middle region of the piano-forte, with the in- 
terval of a semitone, the he&ts are sharp and distinct, fall- 
ing indeed upon the ear as a grating dissonance. Extend- 
ing the interval to a whole tone, the beats become more 
rapid, but less distinct. With the interval of a minor 
third between the two notes, the beats in the middle region 
of the scale cease to be sensible. But this smoothening 
of the sound ia not wholly due to the augmented rapidity 
of the beats. It is due in part to the fact, for which the 
foregoing considerations have prepared u8, that the two 
notes here sounded are too far removed from that of the 
intermediate Oorti's fibre to affect it powerfully. By 
ascending to the lugher regions of the scale we can pro- 
duce, with a narrower interval than the minor third, the 
same, or even a greater number of beats, which are sharply 
distinguishable because of the closeness of their component 
notes. In the very highest regions of the scale, however, 
the bests, when they become very rapid, cease to appeal aa 
roughness to the ear. 

Hence both the rapidity of the beat«, and the width of 
the interval, enter into the question of consonance. Helm- 
holtz judges that in the middle and higher regions of the 
musical scale, when the beats reach 33 per second, the dis- 
sonance reaches its maximum. Both slower and quiclcor 
beats have a less grating or dissonant effect. When the 
lieats are very slow, they may be of advantage to the ma- 
lic ; and, when they reach 132 per second, their roughnesa 
is no longer discernible. 

Thanks to Helmholtz, whose views I have here aongbt 
t^ express in the briefest possible language, we are now in 
a condition to grapple with the question of musical iatesr- 
vals, and to give the reason why some are consonant and 
some dissonant to the ear. Circumstanced as we are i 
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e&rth, all our feeliiiga and emotions, from the lowest sensa- 
tion to the highest rosthetic cooBciousness, have a me- 
chanical cause ; though it may be forever denied to us to 
take the step from cause to effect ; or to understand why 
the agitations of nervous matter can awaken the delights 
which music imparts. Take, then, the case of a violin 
The fundamental tone of every string of this instrument 
is demonstrably accompanied by a crowd of overtones; bo 
that, when two violins are sounded, we have not only to 
take into account the consonance, or dissonance, of the 
fundamental tones, but also those of the higher tones of 
both. Supposing two strings sounded whose fundamental 
tones, and all of whose partial tones, coincide, we have then 
absolute unison ; and this we actually have when the 
ratio of vibration is 1:1. So also when the ratio of 
vibration is accurately 1 : 2, each overtone of the funda- 
mental finds itself in absolute coincidence with either 
the fundamental tone or some higher tone of the octave. 
There is no room for bents or dissonance. When we ex- 
amine tlie interval of a fifth, with a ratio of 2 : 3, we find 
the coincidence of the partial tones of the two strings 
so perfect as almost, though not wholly, to exclude every 
trace of dissonance. Passing on to the other intervals, we 
find the coincidence of the partial tones less perfect, as 
the numbers expressing the ratio of the vibrations become 
more large. Thus, the dissonance of intervals whose rates 
of vibration can only be expressed by large unmbci-s, is 
not to be ascribed to any mystic quality of the nnmliei-s 
themselves, but to the fact that the fundamental tones 
which require such numbers are inexorably accompanied 
by partial tones whose coalescence produces beats, these 
producing the grating effect known as dissonance. 

§ 6. Graphic Represenlation of Consmtanee and Diasonanae, 

Helmholtz has attempted to represent this result 

graphically, and from his work I copy, with some modi 
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fication, the next two diagrams. He assumes, aa alreadj 
stated, the laaxinuint disBonance to correspoiid to 33 beau 
per Becond; and he seelcB to express different degrees of 
dissonance by lines of different lengths. The honzonlal 
Hne fl' c'. Fig. 164, repiesents a range of the musical scale 
in which c' is our middle c, with 528 vibrations, and ^ 
the lower octave of ff*. The distance from any point of 
this line to the curve above it represents the dissonance 
corresponding to that point. The pitch here is supposed 
to ascend continuously, and not by jumps. Supposing, for 
example, two perfonners on the violin to start with the 
same note o', and that, while one of them continuee to 
sound that note, the other gradually and continuously 
shortens his string, thus gradually raising its pitch up to 
the octave <f. The effect n|Kin the ear would be pepre 
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geiited by the irregular curved line in Fig. 164. Soon after 
the unison, which is represented by contact at &, is de- 
parted from, the curve suddenly rises, showing the diseo- 
nance here to be the sharpest of all. At ef, the curve 
approaches the straight line c' c', and this point corre- 
sponds to the major third. k.X,f the approach is atill 
nearer, and this point corresponds to the fourti. At ^ 
the curve almost touchefi the straight line, indicating that 
at this point, which corresponds to the fifth, the \ 
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CONSOSANCK AND DISSONANCE SHOWN GRAPHICALLY. 

Dance almost vaniBhes. At a' we have the major sixth; 
whiie at o", where the one aote is an octave above the 
other, the disaonance entirely vanishes. The 6 a' and the 
a a', of this diagram, are the German names of a flat third 
and a flat sixth. 

Maintaining the same fondamental note o', and passing 
through the octave above c", the varions degrees of conso- 
oanre and dissonance are those shown in Fig. 165. That if 




lift) aay, beginning with the octave c' — c", and gradually el©- 
f vating the pitch of one of the strings, till it reaches a"', the 
octave of o", the curved h'ne represents the effect upon the 
ear. We see, from both these curves, that dissonance is the 
general rale, and that only at certain definite points does 
the dissonance vanish, or become so decidedly enfeebled 
as not to destroy the harmony. These points correspond 
to the places where the numbers expi-essing the ratio of the 
two rates of vibration are small whole numbers. It ranst 
be remembered tliat these curves are constructed od 
the supposition that the beats are the cause of the 
dissonance ; and the agreement between calculation and 
experience sufficiently demonstrates the truth of the 
niniplion-' 

 Thi! Mimpariflon cmplojed by Mr. Sedlej Tijlor ippalg with graphic 
^knih to > mountaineer. CootidEring the aboiG curT< 
I, he cntli the diacorJt peatt. and ttiu coacor 
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You have Uinfl accompanied me to the verge of the 
Physical portion of the sdent-e of AcouBtics, and through 
the aesthetic poilioa I have not the knowledge of mnsic oec- 
eesarj to lead you, I will only add that, in comparing three 
or more souudg together, that is to say, in choosing them 
for chords, we are guided by the principles just mentioned. 
We cln.x>8e sounde which are in harmony with the funda- 
mental sound and with each other. In cbooeing a series of 
Bounds for combination two by two, the simplicity alone of 
the ratios would lead us to fix on those expressed by the 
Qombers 1, J-, |, f, {, 2; these being tlie simplest ratios 
that we can have within an octave. But, when the not«s 
represented by these ratios are sounded in succession, it is 
found that the intervals between 1 and }, and between | 
and 2, are wider than the others, and require the interpo- 
lation of a note in each case. The notes chosen are sucli 
aa form chords, not with the fundamental tone, but with 
the note J regai-ded as a fundamental tone. The ratios of 
these two notes with the fundamental are | and ^, In- 
terpolating tliese, we have the eight notes of the natural 
or diatonic scale, expressed by the following names and 
ratios : 

Nkmee. C. D. B. F, O. A. & 

InUrnls lit Sd. Sd. tlh. fith, eth. 1th. 

B>leiory1br>tiMl. 1, |, 1, |, |, |, -'^ 

Multiplying these ratios by 24, to avoid fractions, "i 
obtain the following series of whole numbers, which ex- 
press the relative rates of vibration of the notes of the 
diatonic scale: 

24, 8T, 30, 82, 3(1, 40, 45, 48. 

The meaning of the terms third, fourth, fifth, 
which we have so often applied to the musical intervals, 
is now apparent ; the term lias reference to the position of 
the note in the scale. 
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rl T. Composition, of Vibrations. 
In our second lectnre I referred to, and in part illns- 
trsted, a method devised by M. Lissajous for studying 
musical vibrationB. By means of a beam of liglit reflected 
from a mirror attached to a tuning-fork, the fork waa 
made to write the story of its own motion. In our last 
lecture the same method was employed to ilhistrate opti- 
cally the phenomenon of beats. I now propose to apply it 
to the Btudy of the composition of the vibrations which con- 
Btitate the principal intervals of the diatonic scale. We 
must, however, prepare ourselves for the thorough com- 
prehension of this subject by a brief preliminary examina- 
tion of the vibrations of a common pendulum. 

Such a pendulum hangs before you. It consists of a 
wire carefully fastened to a plate of iron at the roof of the 
house, and beariug a copper ball weighing 10 lbs. 1 draw 
the pendulum aside and let it go ; it oscillates to and fro 
ahnost in the same plane. 

I say " almost," because it is practically impossible to 
BUBpend a pendulum witliout some little departure from 
perfect symmetry around its point of attacliment. In 
consequence of this, the weight deviates sooner or later 
from a straight line, and describes an oval more or less 
elongated. Some years ago this circumstance presented a 
serious difBculty to those who wished to repeat M. Fou- 
eault's celebrated experiment, demonsti-ating the rotation 
of the earth. 

Nevertheless, in the case now before us, the pendu- 
lum is BO carefully sugpended that its deviation from a 
straight line is not at first perceptible. Let ns suppose 
the amplitude of its oscillation to he represented by the 
dotted line a J, Fig. 166- The point rf, midway between 
and h, is the pendulum's point of rest. When drawn 
■side from this point to 5, and let go, it will return to d, 
and in virtue of its muui'iitiim will pass on to a. There 





it comes momentarily to rest, aad retamB through dtol. 
ns.111 And tbas it will continue to osdJIale 

until ite motion b expended. 

The pendolum having first reached 
the limit of its swing at i, let us sup- 
posh in a direction perpen- 
di-:ular to a i imparted to it ; that ia 
to saj, in the direction h e. Sappoe- 
ing the time required by the pen- 
dulum to swing from j to a to bo 
sue second, ' then tlie time required to swing from b to 
fh. i«;. d will be half a second. Suppose, fur 

ther, the force applied atbto be such ae 
would carry the bob, if free to move in 
that direction alone, to c in half a second, 
and tliat the distance & is equal tohd, 
the question then occurs, where will the 
bob really find itself at tlie end of half 
ft second ^ It is perfectly manifest that 
both forces are satisfied by the pendulum 
reaching the point e, exactly opposite the 
centre d, in half a second. To reach 
this point, it can bo shown that it must 
describe the circular arc 6 e, and it will 
pursue its way along the continuation of 
the same arc, to a, and then pass round 
to b. Thus, by the rectangular impulse 
tlie rectilinear oscillation is converted intii 
a rotation, the pendulum describing a cir 
cle, as shown in Fig. 167. 

If the force applied at 6 be sufficient 
to urge the weight in half a second 
throDgh a greater distance than b c, the 

' Tb'if BuppOsltloD 13 of course msile Tor Iho eafce of Btmplicilf , iIk mo. 
furiod !•( Dscillutinn at  peuduluiu 28 fcui long being heme 
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pendulum will describe an ellipse, with the lines a b for 
its smaller axis ; if, on the contrary, the force applied at b 
urge the pendulum in half a second through a distance Icff 
Uian b c, the weight will describe an ellipse, with the line 
a b fur its greater axis. 

I^t us now inquire what occurs when the reetangiilai 
impulse is applied at the moment the ball is paeeing 
tbrougfa its position of rest at d. 

Supposing the pendulum to be moving from a to A, 
Fig. 168, and that at tf a shook is imparted to it sufficient 





uf itself to cAiTj it in half a second to c; it is here mam- 
feet that the resultant motion will be along the straight 
line d g lying between b d and d a. The pendulum will 
return along this line to d, and pass on to h. In this case, 
therefore, the pendulum will describe a straight line, j A, 
oblique to its original direction of oscillation. 

Supposing the direction of motion at tbe moment the 
push is applied to be from b to a, instead of from atoi, 
it is manifest that the resultant here will also be a straight 
line oblique to the primitive direction of oscillation; but 
ita obliquity will be that shown in Fig. 169. 

When the impulse is imparted to the pendulum neither 
kl the centre nor at the limit of its swing, but at some 
point between iMjth, we obtain nL-itherat-ircle nor a straight 
line, but something between both. We have, in fact, a 
more or less elongated ellipse with its axis oblique to a J, 
the original direction ol vibration. If, for example, the 



impulse be imparted at rf', Fig. 170, while tbe peudoloni 
is moving toward J, the position of tlie ellipse will be tliat 
ehowu in Fig. 170 ; but if tbe push at d! be given when 
tbe motion is toward a, then tbe poeition of the eUiper 
will be that represented in Fig. 171. 




By the method of M. Lissajona we can combine" 
rectangidar vibrations of two tuning-forks, a subject 
which I now wish to illustrate before you. In front oi 




Ul dectric lamp, l, Fig. 172, ie placed a large tuning-fork, 
', fixed in a stand horizontally, am! provided ^*ith i 
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miri'or, on whicli a oaiTow beam of light, l t', is per- 
mitted to falL The beam is thrown back, by refleotion. 
In the path of the reflected beam is placed a second up- 
right tuning-fork, t, also furnished with a mirror. By 
the hoiizotital fork, when it vibrates, the beam is tilted 
laterally ; by the vertical fork, vertically. At the pres- 
fot moment both forks are motionleea, the beam of light 
being reflected from the mirror of the horizontal to that 
of the vertical fork, and from the latter to the screen, on 
which it prints a brilliant disk. I now agitate the np- 
right fork, leaving the other motionless. The disk is 
drawn out into a fine luminous band, 3 feet long. On 
Bonnding the second fork, the straight band is instantly 
transformed into a white ring o p, Fig, 172, 36 inches 
in diameter. What have we done here ) Hxactly what 
we did in our first experiment with the pendulum. We 
have caused abeam of light to vibrate simultaneously in 
two directions, and have accidentally bit upon the phase 
when one fork has just reached the limit of its swing 
and come momentarily to rest, while the beam is receiving 
the maximum impulse from the other fork. 

That the oirde was obtained is, as stated, a mere 
ftccident; but it was a fortunate accident, as it enables 
OS to see the exact similarity between tlie motion of the 
beam and that of the pendulum, I stop both forks, and, 
agitating them afresh, obtain an ellipse with its axis 
iblique. After a few trials we obtain the straight line, 
idicating that both the forks then pass simultaneously 
Uirougb tlieir positions of equilibrium. In this way, by 
combining the vibrations of the two forks, we reproduce 
al. the figures obtained with the pendulum. 

When the vibrntions of the two forks are, in all re- 
tjpects, absolutely alike, whatever the figure may be which 
ia first traced upon the screen, it remains undianged in 
form, diminishing only in size as the motion is expended. 
But the sliithtest diffoitinre in the rates of vibrntion dt* 
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Etrojs thifl fixity of the image. I ende&vored before the 
lecture to render the unison between these two forka aa 
perfect as possible, and hence von have observed very 
little alteration in the shape of the fignre. Bot bj 
moving a Email weight along the prong of either fark^ or 
hy attaching to either of them a bit of wax, the unison i« 
impaired. The figure then obtained hy the combination 
of both passes slowly from a straight line into an oblique 
ellipse, thence into a circle ; after which it narrows again 
to an ellipse with an opposed obliquity ; it then passes again 
into a straight line, the direction of which is at right 
angles to the first direction. Finally, it passes, in the 
revei-se order, through the same series of figures to the 
straight line with which we began. The intei-val be 
tween two successive identical figures is the time in 
which one of the forks sueeeeds in executing one com- 
plete vibration more than the other. Loading the fork 
still more heavily, we have more rapid changes ; the 
straight hne, ellipse, and circle, being passed tbroogh m 
quick succession. At times the luminous carve exhibits 
a stereoscopic depth, which renders it difiicult to believe 
that we are not looking at a solid ring of white-hot metaL 
By causing the miiTor of the fork, t, to rotate throogh 
a small arc, the steady circle first obtained is drawn out 
into a luminous scroll stretching right across the screen, 
Fig. 173. The same experinifiit made with the chatigiri;: 
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Cglirr, oLl:iinr'l Ity IIirAwin- llic fnrts out of nnif^^n, 
gives us a scroll of irregular iiiiiplitudo, Fig. 173.' 

We have next to combine the vibrations of two forks 
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le of which oscillates with twice the rapidity of tlie 
other ; in other words, to determine the figure correspond- 






iiig tLi the i;uiiiLiiii;itiuii uf :i iiutt; juid ha octiive. To pre- 
pare oureelvee tor the mechanics of the probieiii, we mUBt 
resoit oucQ more to our penduluui ; for it also cau be 
caused to oscillate in one direction twice as rapidly as in 
aootlier. By a comphcated mechanical arrangement thig 
miglit be done in a very perfect manner, but at present 
gimplicity is preferable to completeness. The wire of our 
pendulum is therefore permitted to no. im 

descend from its point of Buspen- 
aion, A, Fig. 175, midway between 
two horizontal glass rods, a b, a' J', 
Bopported tirinly at their ends, and 
about an inch asunder. The rods 
cross the wire at a Iieight uf 7 feet 
above the bob of the pendulum. 
The whole length of the pendulum 
being 28 feet, the glass rods inter- 
ipt one-fourth of this length. On 
''drawing the pendulum aside in the 
direction of the rods, a l, a' b', and 
Jutting it go, it oscillates freely be- 
tween them. I bring it to rest and 
draw it aside in a direction perpen- 
dicular to the last; a length of 7 
feet only can now oscillate, and by 
the laws of oscillation a pendulum 7 
feet long vibrates with twice the 
rapidity of a pendulum 2S feet \< 
I wish to show you the 1 
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described hy the combiDation of these two rates of vibn 
tion. Attached to the cojiper ball,^, is a earaelVhair pencil, 
iateiided to rub lightljr uix)q a glass plate placed on black 
paper, and over which is strewed white sand. Aliowiug 
the peudaluin to osclllute as a whole, the sand is rubbed 
away along a straight line which represents the amplita<ie 
of the vibration. Let a 6, Fig. 176, represent this line, 
which, as before, we will assume to be described in one 
second. When the pendulum is at the 
limit, b, of its swing, let a rectangular 
impulse be imparted to it sufficient 
1 to cany it to c ia one-foiirth of a 
second. If this were the only impulse 
acting on the pendulum, the bob woold 
reach o and retam to & in half a second. But under the 
actual circimistanceB it is also urged toward d, whidi 
point, through the vibration of the whole pendulum, it 
ought also to reach in half a second. Both vibrations, 
therefore, require that the bob shall reach rfat the same 
moment ; and to do this it will have to describe the curve 
b c' d. Again, in the time required by the long pen- 
dulum to pass from d to a, the short pendulum will pasa 
to and fro over the half of its excursion ; both vibrations 
mast therefore reach a at the same moment, and to ac- 
complish this the pendulum describes the lower carve 
between d and a. It is luanifest that these two curves 
will repeat themselves at the opposite sides of o 6, the 
combination of both vibrations producing finally a figure 
of 8, which yon now see foirly drawn upon the sand 
l>eforc you. 

The same figure is obtained if the rectangulai* impulse 
be imparted when the pendulum is passing its position of 
rest, d. 

I have here supposed the time occupied by the pen- 
dolnm in describing the line a & to be one second. 





OS suppose tbree-foarthB of the seiMDnd exhausted, and 
the pendulum at dl. Fig. 177, iu its excursion toward h ; 
let tlie rectangular impulse then be fio. m. 

imparted to it, sufficient to carry it to 
c in one-fourth of a second. Now the 
long pendulum requii-es that it should ^ 
move from d' to h in one-fourth of a 
second ; both impulses are therefore 
satisfied bj the penduhmi taking up 
the position o' at tiie end of a quarter of a second. To 
reach this position it must describe the etii've d' o'. It 
will maoifeatlj return along the same curve, and at the 
end of another quarter of a second find itself agaiu at d'. 
From d' to d the long pendulum requires a quarter of « 
second. But at the end of tiiis time the short pendulum 
must be at the lower limit of its swing: both require- 
ments are satisfied by the pendulum being at e. We 
thus obtain one ann, c' e, of a curve which repeats itself 
to tiie left of e; so that the entire curve, due to the 
combination of the two vibrations, is that represented in 
Fig. 165. This figure is a parabola, whereas the figure of 
8 before obtained is a leniniscata. 

We have here supposed that, at the moment when 
the rectangular impulse was applied, the motion of the 
pendulum was toward h: if it were ns-iia. 

toward ff, we sliould obtain the in- 
verted parabola, as shown in Fig, 178. 

Supposing, finally, tbe impulse to i 
be applied, not when the pendulum is 
passing through its position of equi- 
librium, nor when it is passing a point 
corresponding to three-fourths or one-fonrth of the time 
of ita excursion, but at some other point in the line, a b, 
between its end and centre. Under these circumstances 
we should have neither the parabola nor the perfectly 
^mmetrical figure of 8 but a distorted 8. 
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Our next conibination will lie that ul' twu forks vibrat- 
ing in the ratio of 2:3. Observe the admirable steadi- 
ness of the figure produced by the compounding of these 
two rates of vibration. On attaching a fourpenny-piece 



with wax to one of the forks the steodineee < 
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bave an apparent rocking to aud fro of tlie ImniaouB 
Ggure. Passing on to intervals of 3 ; 4, 4 ; 5, and 6 : 6, the 

figures become more intricate aa we |)roceed. Tlie last 
combination, 5 : 6, is so entangled, tbat to see the figure 
plainly a very narrow band of light must be employed- 
le diatanee existing between the forks and the screen also 
sips U3 to unravel the complication. 

And here it is worth noting tbat, when the figure ie 
fully des'eloped, tlie loo[>s along the vertical and horizontal 
edges express the ratio of the combined vibrations. In the 
oelave, for example, wo have two loops in one direction, 
and one in another; In the fifth, two loops in one direc- 
tion, and three in another. When the combination is as 
1:3, the luminoiia loops are also H£l:3. The changes 
v/hich some of these figures undergo, when the tuning is 
uot perfect, are exti-einely remarkable. In the case of 1 : 3, 
for example, it is difficult at times not to believe that you 
are looking at a solid link of white-hot metal. The figure 
exhibits a depth, apparently incoiapatible with its being 
traced upon a plane surface. 

Fig. 181 is a diagram of these beautiful figures, inolud- 
mg combinations from 1:1 to .t: 6, In each case, the 
cbarj'.cteristic phases of the vibration are shown; and 
thro'igh all of these each figure passes when the interval 
beti>-een the two foiks is not pure. I also add here, Fig. 
JAO, two phases of the combinatioi) 3 : '.*. 




, To these illustrations of rectangular vibrations 1 add 
a pthera. Figs. 1^2 and 1S3, from a very be-Tiitiful seriea 
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uLtained by Mr. Hubei-t Airy with a componnd pendulnin. 
Tlie experiments are described in Nature for August 17 
and September 7, ISTl. As tiieir loops indicate, the 
figures are thoae of an octave, and a twelfth. 

But the most instructive apparatus for the compound 
iiig of [■ectangclar vibrationH is that of Mr. Tisley. Fige, 
1S4 and 185 are copies of figures obtained by him through 
'he joint action of two distinct pendulums ; the rates of 
ibration corresponding to these particular figures being 
2 : 3 and 3 : i respectively. The pen which traces llie 
figures is moved ainiultaneonsly by two roda attached to 
the pendulums above their placea of Buspension. These 
two rods lie in the two planes of vibration, being at right 
angles to the pendulums, and to each other. At their 
place of intersection is the pen. Hy means of a ball and 
socket, of a special kind, the rods are enabled to move 
with a minimum of friction in all directions, while tlic 
rates of vibration are altered, in a moment, by the shift- 
ing of movable weights. The figures are drawn either 
with ink on paper, or, when projection on a screen is d& 
sired, by a sharp point on smoked glass. When the pen- 
dulums, having gone through the entire figure, return to 
their starting-point, they have lost a little in amplitude. 
The second excursion will, therefore, be smaller than the 
first, and the third smaller than the second. Hence the 
sei'iea of fine lines, inclosing gradually-diminishing areas, 
Bhown in these exquisite fi^guree." Mr. Tisley's apparatus 
cellects the liighest credit upon its able constnietor. 

Sir Charles Wheatstone devised, many years ago, t. 
small and very efficient apparatus for the compoanding of 
rectangular vibrations. A drawing, Fig. 186, and a de- 
scription of this beautiful little instrument, for both of 
which I am indebted to its eminent inventor, may find h 
' For some be^tiiClful fi^-iireg oT 1)118 deBoription I mm indebtm) lo ftut 
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place here : a is a steel rod poliabed at ita upper end so 
u to retlect a point of light ; thiE rod moves in a ball- 




aiid-soclcet joint at b, so that it may assume any pomtion. 
Its lower end is connected with two arms c and d, placed 
at right angles to each other, the other ends of which 
are respectively attached to tlie circumferences of the two 
circtdar disks e and J^. The axis of the disk e carries at 
its opposite end another larger disk g, which gives motion 
to the small disk A, placed ou the axis which carries the 
diskyy and, according as this small disk /< is placed uearei 
to or farther from the centre of the disk ff, it communicates 
a different relative motion to the disky. The nut and 
screw t enable tlie disk A to be placed in any position 
between the centre and circumference of the larger disk g , 
and by means of the torky the disk_/'is caused to revolve, 
whatever may be the position of the disk A. By this 
arrangement, while the wheel k is turned regularly, the rod 
a is moved backward and forward by the disk e in one 
diret-tion, and by the disk/", with any relative oscillatoiy 



motion, in tlie rectaDgnlar direotion. The end of the raii 
is thus made to describe and to exhibit optically all the 
beautiful acoosticsl figures produced by the composition 
i>f vibrations of different periods in directions rectangular 
to each other. A lever 2, bearing against the nut i, indi- 
cates, on a scale m, the numerical ratio of the two vibra- 
tions." 

I close these remarks on the combination of rcctan- 
ffular vibrations with a brief reference to an apparatus 
constructed by Mr. A. E. Donkin, of Exeter College, 
Oxford, and described in the " Proceedings of the Boyal 
Society," vol. xxii., p. 196. In its construction great 
mechanical knowledge is associated with consummate 
skill. I saw the apparatus as a wooden model, before 
it quitted the bands of its inventor, and was charmed 
with its performance. It is now constructed by Messrs. 
Tisioy and Spiller. 



 Ur. Snug, of EcUnburgb wu, I believe, ttit Grtt b 
auA]>C[ial1v 
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SUMMARY OF CHAPTER IX. 

Bt the divieioQ of a string Pythagoraa detanniued 
tbe consonant intervals in music, proving that, the Bimpler 
the ratio of the two parts into which the string was divided, 
the more perfect is the harmony of the sounds emitted 
by the two parta of the sti'ing. Subsequent investigators 
showed that the strings act thus because of the relation of 
their lengths lo their rates of vibration. 

With the double siren this law of consonance is readily 
illustrated. Here the most perfect harmony is the unison, 
where the vibrations are in the ralio of 1 : 1, Next cornea 
tbe octave, where the vibrations are in the ratio of 1 ; 2. 
Afterward follow iu succession the fifth, with a ratio of 
2:3; the fourth, with a ratio of 3:4; the major third, 
with a ratio of 4:5; and the minor third, with a ratio of 
5 : 6. The interval of a tone, represented by the ratio 
8 : 9, IS dissonant, whOe that of a semi-tone, vrith a ratio 
of 15 : If), is a harsh and grating dissonance. 

The musical interval is independent of the absolate 
number of the vibrations of the two notes, depending only 
on the raiio of the two rates of vibration. 

The Pythagoreans referred the pleasing effect of the 
consonant intervals to number and harmony, and con- 
nected them with " the music of The (Spheres," Euier ex- 
plained the consonant intervals by refert'nce to the consti- 
tntion of the mind, which, he allirmed, look pleasiiru in 
rimple calculations. The mind wus fond of tirder, but 
of such order as involved no weariness in its contempia- 
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tion. This pleaenre was afforded bj the ampler rstiM b 
the case of mnsic. 

Tlie researches of Helmholtz prove the rapid bdoccs- 
BiOQ of beats to be the real cause of diseonauce in mn^ 

By means of two singing-flames, the pitch of one of 
them being changeable by ttie telescopic lengthening of 
its tube, beats of any degree of slowness or rapidity 
maybe produced. Commencing "with boats slow enougli 
to be counted, and gi-adually increasing tlieir rapidity^ 
roach, without breach of continuity, downright 



sa, ^^^1 



But, to grasp this theory in all its completeness, 
must refer to the constitution of the human ear. We 
have first the tympanic membrane, which is tlie anterior 
boundary of the drum of the ear. Across the drum 
etretches a series of little bones, called respectively tlie 
hammer, the anvil, and the stirrup-bone ; the latter 
abutting against a second membrane, which fonns part of 
tho posterior boundary of the drum. Beyond this mem- 
brane is tho labyrinth filled with water, and having ita 
lining membrane covered with the filaments of the audi- 
tory nerve. 

Every shock received by the tympanic membrane le 
truDBmitted through the series of bones to the opposite 
membrane ; thence to the water of the labyrinUi, and 
tlieiice to the auditory nerve. 

The transmission is not direct. The vibrations are in 
the first place taken up by certain bodies, which can swing 
sympathetically with them. Tliese bodies are of three 
kinds : the otolites, which are little crystalline particles ; 
the bristles of Max Schultze ; and the fibres of Corti'ii 
oi^an. Tliis latter is to all intents and purposes a stringed 
instmmeut, of extraordinary complexity and perfection, 
placed within the ear. 

As regai-de our present subject, the strings of CortD 
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^M organ probably pisj an especially important part. TLai 
^F one string giiould respond, in some measure, to aotither, it 
U not oecefsar; that tbe unigon Bhonld be perfect; a cer- 
tain degree of response occurs in the immediate neighbor- 
hood of uuisun. 

Hence each of two strings, not far removed from each 
other in pitch, can cause a third etring, of iotermeiliate 
pitch, to respond sympathetically. And if the two BtringB 
be soanded together, the beats which they produce are 
propagated to the intermediute string. 

So, as regards Corti's organ, when single eonnds of 
various pitches, or rather when vibrations of varions ra- 
pidities, fall upon its strings, the vibrations are responded 
to by the particular string whose period coincides with 
theirs. And when two sounds, close to each other in pitch, 
produce beats, the inteniie<liate Corti's fibre is acted on by 
bolh, and responds to the beats. 

In the middle and upper portions of the musical scaie 
the beats are most grating and harsh when they succeed 
each other at the rate of 33 per second. W}ien they 
occnr at the rate of 133 per second, they cease to be 
sensible. 

The perfect consonance of certain musical intervals 
is due to the absence of beats. The imperfect consonance 
of other intervals is due to their existence. And here 
( tbe overtones play a part of the utmost importance. Fur, 
dbough the primaries may sound together without any 
p.|>erceptible rongliness, tbe overtones may be so related to 
'-each other as t'l produce harsh and grating tiieats. A 
strict analysis of the subject proves that intervals which 
require large numbers lo express lliem, are invariably 
accompanied by overtones which produce beats ; while in 
intervals expressed by small numbers the beats are prao- 
ticaHy absent. 

^e graphic representation of the consonances and dia- 



eonances of the inusic^ scale, \ij Helmholtz, fumiEhes » 
Btriking proof of thia explanation. 

The optical illustration of the niosical intervais haa 
been effected in a very beaatifiil manlier bj Liss&jous. 
Corresponding to each inten.'al is a definite flgare, pro- 
duced by the combination of its vibrationa. 

The compounding of vibrations has, of late years, been 
beautifully ilUiatrated by apparatus constructed by Sir 0. 
Wlieatstone, Mr. Herbert Airy, and Mr. A. E. Donkin ; 
and by the beautiful pendulum apparatus of Mr. Tialey, 
of the firm of Tisley and Spiller. 



The pressure which, on a former occasion, prevented 
me from adding a '' summary " to this chapter, was also 
the cause of hastiness, and partial inaccuracy, in iU sketch 
of the theory of Heltuholtz. That the sketch needed 
emendation I have long known, but I did not think it 
worth while to anticipate the correction here made; as 
the chapter, imperfect as it was, bad been published, with 
ont comment, in Qermany, by Helmholtz himself. 
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A BBOST time after reading Prof. John Tj-aiJaU's excellent article 
" Oa the Sounda prodoced by the Oomlmstion of Gnaes in Tubes," ' 
I happened to be one of a party of eigljt pur^ons sBaeitibled after t«a 
for the parjioso of enjoying a private musiciil i'M tort nin men t. Three 
instmmeDta were employed in tlie performance uf several of the 
grand trios of BeethoTen, namely, the piano, violin, and violoncello. 
Two "_fi*h-tait" gjis-bumera projected from the brick wall near the 
piano. Both of them burned with remarkable Bteadineaa, the win- 
dows being closed and the air of the room being very calm. Never- 
theless, it waa evident tlial one of thera was under a pressure neart^ 
nUicient to make it,^<. 

Soon after tha mnslo conitnenced, I observed that the flame of 
the iBBt-mentioned bnmer exhibited pulaationa in height which were 
txaatly vynehronirai with the andihle beats. This phenomenon waa 
very sbiking to every one in the room, and especially so when the 
strong note* of the violoncello came in. It was eioeedtngly inter- 
esting to observe how perfectly even the trill* of tliis instrument 
were reflected on the aheet of flame, A dtafmaii might have teen the 
harmonj/. As the evening advanced, and the diminished consump- 
tion of gas in the oity inereiued the pTonure, the nbenomenon became 
more conspicnous. The j-umping of the flame gradually iucreaaed, 
beoame eomewhat irregular, and finally it began to flare continaous- 
Ij, emlttmg the characteristic soaud indicating tlic esoape of a greater 
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amount of gaa than could be properly coDaDmed. 1 then oaocrtaioFd 
by experiment tbat tbe pbenomeDon did not take place Qoleas the 
discbarge of gas was so ri!gotat«d tbat the flame approxiinsted to the 
eonditioD o( faring. I likewise determined b; experiiueiil tbat the 
cfiecta ittere not produced b; jarring or shaking the floor and wall* of 
the room bj means uf repeated ooDcnssions. nence it is ob«lon« 
that the polsatioQt of the Hame teer* net owing to indirect vibration* 
propagated through the medium of the walls of the room to tlift 
bnniing apparatus, but must have heen produced b; the dinet iaOa- 
eDce of tbe a£rial sonoroas pulses on the barniug jeL 

Id the experiments of H. Schaffgotecb and Prof. J. Tfndnll, it it 
evident tliat "tbe shaking of tbe eingiog-flame within the glass 
tube." produced bj' the voice or tlie airen, was a pbenonieaon per- 
feoUf analogous to wliat took place under niv observation leHheut 
theinttnention qf a tube. In ray case the discharge of gas won so 
regulated that there was a tendencj in tlie Same to Bare, or to emit 
a " tatging-toiind^^ Under these circa mstotices, strong of rial pulsO' 
tiuns occurriog at rtguUtr intenalt were snflicient to develop syn- 
chronoas fluctnations iu the height of tbe flame. It is prubable ijiat 
t}ie efiecta would be more striking when tbe tones of the musical 
iDstrument are ntarly in aitison with the sounds which would be 
produced b; the flame unilcr the slight ibiirease in the rapidit; <A 
discliarge of gas required to manifest the plienomenon of fiaring. 
This point might be sobmitted to an experimental test. 

As in Prof. Tjndoll's experiments on the jot of gns burning within 
a tnbe, clapping uf the bunds, aboutiiig, etc., were ineffectual in con- 
verting the "silent" into the " singing-flame,'' so in the cafe under 
consideration, irregular sounds did not produce an; jiercepljble infln- 
ence. It seems to be necessary that tbe impulses sbonld atevmulat4t 
in order to exercise an appreciable effect. 

With regard to the mode in which tbe sounds are produced L; 
tlie combustion of gaaea in tubes, it is universall; admitted that tlie 
explanation given by Prof. Farada/ in 1S18 is eseentiallj correct. 
It is well known that be referred these sounds to tbe successive 
explosions produced by the periodic combination of the Btmospberii 
oxjgen with the issninR jet of gas. Wtiile reading Prof. ■>. Plateau' 
admirable researches (third series) on tlie " 1'heory of tlie HodifioS' 
tions experienced by Jets of Liquid issuing from Circular Orifice: 
when exposed to the Influence of Vibratory Motions,"' the idei 
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^j observatioQ waa nothing more than a parlieutar eatt ot fiie 
lofTecta of sonnda on alt kind) of Jluid jeU. SQbseqnent refiectiun 
IS only Berred to fortify this first impression. 
The beanlifol invest igatioDs ol Futix Savart on tlie influence of 
Baoonils on jets of water afford resulta presenting so miinf points ol 
fKu^o^ with tlicir effects ou the Jet of burning gaa, tliat it ma; bo 
well to inquire whether botli of ttiem mn; he referred to a common 
VDQM. tn order to place iliis in a giriking tight, I aliall anhjuin some 
of the rcaults of Savan'a eiperiraenla. Vertical! j -descending jets of 
vat«r receive the following modlficatluoa nnder the mflnence ol 
vibrations : 

1, The coDtinaons portioDs booome Bliortencd; the vein resolvee 
iUelf into separate drops nearer the orifice than when not nnder the 
inflneace of vibrationa. 

3. Eanh of the masses, as they detach themselves from the ex- 
tremity of the continuous part, beconies flattened alternatt'lj in' a 
vertioal and horizontal liiroction. presenting to the eye, nnder the 
influence of their traoalatory iiiotioo, regulurly-itisposed series ol 
maxima and minima of thickness, or ventral segments and nudes. 

3. The foregoing inodilications become much more developed and 
regular when a note, in unison with that which would be produced 
by the shock of the dlscontinnous part of the jet against a stretched 
membrane, is suanded in its nei^hborliood. The coniinnous part 
becomes considerably aliortened, and the ventrid segments are ou- 
Urged. 

4. When the note of the InBtrumi'nt is almoit in nnisou, the oon- 
tinaooB part of the jet is alternately lengthened and shortened, and 
tfae beats which coincide with these variations in length can it rte- 
tgniMtd by ^ """• 

fl. Other tones act with less energy on the jot, and some produce 
no senaible elFecl. 

When a jet is made to ascend obliquely, so that the discoDtinDona 
part appears scattered into a kind of ihtqf in the same vertical 
plane, M. Savart found ; 

a. That, iindET tha influence of vibrations of a determinate 
period, this sheaf nmy form itself into tieo distinct jeta, each possess- 
ing regularly-disposed ventral segments and nodes ; sometimes witb 
a different node, the sheaf becomes replaced by three jela. 

i. The note which produces the greatest shortening of the con- 
tinoooB part nlwnjs reduces the whole to a tingle jet, presenling a 
rfsotly regiiiur system of ventral segments and oodesi 
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In tbo lost memoirof H. Safart— a poathmnum one, pnaanted to 
the Aoodem J of Sciences of Paris, by M, Arago, in 1658 ' — seTers] 
reniarkutile aconstio phenomena are uotioed in relation to the mosiuil 
tones produced \iy the efflox of liquids through short tubes. When 
certain precftattons and conditions ore observed (which are minaicl; 
detailed bj tliis able experimentalist), the discharge of the liijuiil 
gives rise to a snccBSsion of musical tones of great iDtensitj and of s 
peciiliur quality, somewhat analogoas tu that of the human voice, 
riiat tliese notts were not produced by the descending drops of ilic 
liquid vein, was proved by permitting it to discharge itself into a 
vessel of water, wliile the orifice was below the surface of tlie latter. 
In this case the jet of liquid must have been eontinuout, bnt never- 
theless the notes were produced. These nnexpected resolta liave 
been entirely confirmed by the more recent eiperiments of Prof. 
ryndall.* 

According to the researches of M. Platean, all the phenomena of 
the iuflnence of vibrsUons on jets of liquid are referable to the con- 
flict between the vihrationa and the /oreu qfjigurt ( "forcatjigii- 
ratriett"). If the physical fact is admitted — and it seema to ba 
indisputable — that a liquid cylinder attains a limit q/* ttabiUtj/ when 
the proportion between its length and its diameter is in the ratio of 
twenty-two to seven, it is almoat a phyakat neeeiity that the jet 
sliould assume the oonslituUon indicated hy tlie observationa of 
Savart. It likewise seems highly probable tliat a liquid jet, while in 
a transition stage to discontinuous drops, should be exceedingly sen- 
sitive to the influence of all kinds of vibrations. It must be con- 
fessed, however, tliat riiitcau's beautiful and coherent theory does 
not appear to embrace Savart's lust experiment, in which llie musical 
tones were produced by a jet of water issning under the snrface ot 
the same liquid. It is rather difficult to imagine wliat agency the 
"forces of figure" could iiave, under such circumstances, in tlie pro- 
duction of the phonoirienon. This cnriona expermienl tends to cor- 
roborate Savart's original idea, that the vibrations which protince 
the eoimds must take place in the glass reservoir itself, and that the 
canse must ho inherent Jii the phenomenon of the flow. 

To apply the principles of Plateau's theory to gaseous jets, we 
are compelled to abandon the idea of the mm-exultnw <if m^Uealar 
eohegion in gaia. But is there not abundant evidence to show that 

> Comptu Stuiut for Au^QSt, ISGl. AUo PA*<MC9>Mm( ilagattif. taofuta 
t, vol. vii., p. 1B«, 1861. 

' PhiloKphical JttvoHittf saetion 4, vcl. rlii., p. H, 1 
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aobenoa doit emit imong the particles of gaseoaB niuscBl Does not 
the deviation from rigorous uccoraey, both in the law of Mariutte 

and Ga;-Lu8euc — especially in the case of conc^ensable f;ft5eB, as 
shown bj the admirable eiperimects of M, Rcgnanlt — clearly prove 
that the hypothesis of th« non-eiiBtenoe of cuh«eiuQ in a^ril'urm 
bodies is fallacious? Do not the expunding rings which asiruud 
wben a bobble of pboeptinretted hydrogen takes fire in the air: 
Indieate the exinteDce of some cohesve force is the gnseoos product 
of combastiou (aqneous vapor), wbofle outlines are marked by tlie 
opaqae phoephorio acidt In abort, does not the very /orm of the 
flame of a "fish-tail" boraer demonstrate tbat cohesion fntiiC mitt 
among the particles of tho issuing gas! li is well known that in this 
burner the single jet wliioli issues is fonued by the union of tiro 
oilique jeti immediately before the gas is emitted. The result is a 
perpcndionlar »htit of Jtame. How is such a re!>alt produced by the 
mutual action of two jota, unless the force of cohesion is brought 
into playt Is it not obvious that such a fan-like flame must be 
produced by the same onuses as those varied and beautiful forms of 
aqaeoas sheets, developed by the mutual action of jets of water, bo 
strikingly exhibited in the experiments of Savart and of Magnus! 

If it be granted that gases possess molecular cohesion, it seems to 
be physically certain that jets of gas must be subject to the same 
laws as those of liquid. Yibratory njovements excited in the neigh- 
borhood ought, tlierefore, lo produce modifications in them imalogooi 
to thoae recorded by M. Savart in relation to jela of water. Flame 
or incandescent gas presents gseeous matter in a tiiible form, admi- 
rably adapted for e:(perimental investigation; sod, when produced ig 
a jet, should be amenable to the principles of Plateau's theory. Ac- 
oordiog to this view, the pulsations or beat* which I observed in the 
(Bs-flame when under the influence of musical sounds, are produced 
by the conflict between the aCrial vibrations and the "forces of 
)" (as Plateau calls them) giving origin to jieriodical Sucluo- 
of intensity, depending on the sonorous pulses. 

If this view is correct, will it not be necessary for ns to modilj 
ideas in relation to the agency of tubes in developing musical 
■onnda by means of burning jeia of gas ? Kust we not look upon 
all burning jets — as in the case of wuter-jets — as murieaUy inclined ; 
and that thi) use of tabes merely places them in a condition favor- 
able for developing the tones? It is well known that burning jets 
frequently emit a tinn'ing-iound when thvy are perfectly free. Are 
tbi>se sounds prodaoed by lucoesuvo explowona analogous U> tlios« 
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which take ptoce in glass tubost It is ror; oertdia tliat, under tic 
inflitcncc of molocnlur forces, an^ caaae which tends to elongntA tht 
dame, withuut aJTecting the velooity of diacliargo, must land tu 
render it discontiDiious, and thus briug about that uiiilure of gu 
and atr irhicb is tssentiol to the produotion of tiie eiplusiotis. Tht 
iafliienoe of tubes, aa weU oa of aerial vibrations, id esuibliahing thii 
condition of tilings, is suQioicntl? obvioas. Was not the " beadol 
Une" with its sucoesslon of "laminoaa stars," n-liioh Prut. TjndMlI 
observed wiien a Bame of olefiant gns, barning in a tube, was ex- 
amined bj caeans of a moving mirror, an indication ^at the fUiiie 
bocaiue diteontinuoiu, precisel; as the cooliouous pnrt uf a jet ol 
■rater becomes tkorteaed, and resolved into isolated dro|is, ander [lie 
influence of sonorous palaations? Bat I forbear enlarging nn tliia 
ver; interesting subject, ioasniiich at the Bccompllshed pb^rsicist kit 
named has promised to examine il at a future period. In the bnnda 
or' BO siigauious a pliilosapher. we ma; anticipate a most searcbiag 
investigation of the phenomena in all th<?ir relations. In the n 
time 1 wisli tu c:ill the attention of men of science to the 
aeuted in this article, in so far as it groups together aeve 
of phenoLiieuu under one head, and ma/ be considered a partial gi 
tii'Hlization. — /Viim Siluman's American Journal/or Jaituaiy, 1 
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On the Slat and 22d of Jime, 1823, a couiuisaion, appointed It; 
the Bureau des Longitudes of France, executed a celebrated seriM 
of experitnents on the velocity of sound. Two station*) bad been 
chosen, the one at Vill^jnif, the other at Muntlb6rj, Itctb lying south 
of Paris, and 11-8 mfles distant from eiiuh other. Prony, Mathieu, 
and Arago, were the observers at Villyuif, while Humboldt, Bouvard, 
and Gaj-Lussiic were at Montlh^r}'. Guns, charged sometimes with 
two pounds and sometimes with tlireo pounds of powder, were fired 
ut both stHtioQS, and the veloi'ltj was deduced from the interval 
between the nppenranoe of the Hash and the arrivitl of the sound- 
On this meuiorahle oocotuan an observation was made which, at 
fiir ns I know, boa remaned a scientitio enigma to the present boor. 

l"Pjoe»B.liTia»of the (loyiil ruBtitntion," Jinuary IS, 19TS. 




It waa notiaad that while everj ruport of the oanooo fired at Hont- 
Ihferj was heard with the greatest Jistinctneaa at Villejuif, by far 
the grenter Dumber of the reports from VUlejulf fulled I 
HoDtlb6rj. Had wbd eiiated, and bad it blown from MouUliSr? to 
Villejitif, it would have been recogulEed an the cause of the obaervod 
dliTHrence ; but the air at the time was calm, the Blight motion of 
Iransintion actnallj eiistiug beiog from Villejuif toward Montlbdry, 
or against the direction in which the sound was beat heard. 

So marlted waa the difference in transraltslve power between the 
two directions, that on June SBd, wliile every shot fired at MontlhSry 
was heard d merveilU at Villejuif, but one shot oat of twelve fired at 
Villejoif was heard, and tliat feebly, at the other sttition. 

With tlie caution which characterized him on other oaoBsioDR, 
ynd which haa been referred to admiringly by Faraday,' Arngo made 
 no attempt to explain this anomaly. Hla words are: "Quant aui 
■4tfiSrenoei si remarquables d'intensit^ que le bruit du canon a ton- 
joura pr^senttos auivant qu'il ae propageait du nord au and entre 
Villejuif et Montlh£ry, oa du and au nord entre cette seconds itation 
ct la premiere, nous no ubercherons pas aujonrd'hui i I'eipliqner, 
parce que nous ne pourrions ofirir an leoteur que des oonjeotnrea 
denufisB de prenves." ' 

1 have tried, after much perplexity of thought, to bring this enb- 
ject within the range of experiment, and liave now to submit tho 
following solution of the enigma : The first step waa to aaoertain 
whether tlie sensitive flame, referred to in my recent paper in the 
"Philosophical Transactions," could be safely employed in experi- 
ments on tho mutual revoraibilitj of a source of sound and an object 
on which the sonnd impinges. Now, the aensiUve flame nsually em- 
ployed by me measures from eighteen to twenty-four inches in 
height, while the rood employed as a source of sound is less than a 
square qiarter of ao inch in area. If, therefore, the whole fiame, or 
the pipe which fed it, were scusitive to sonorous vibrations, strict 
experiments on reversibility with the reed and flame might be dtOi- 
oult, if not impossible. Hence my desire to learn whether the seat 
of aensitiveness was so looalised in tho fiiime as to render the con- 
templated interchanf^e of flame and reed permissible. 

The flame being placed behind a cardboard screen, the shank of 
a fnnnel paascd through a hole in the eardtmard was directed npoD 
the middle of the fiame. The sound-waves issuing from the vibrntina 
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reed, plaoed witbin the runnel, [iroduoed no sensible effect upon tbt 
flame. Shifting the funnel su ua to direct its slianli npon the root of 
the flame, the action was violenL 

To aagmeat the preoiaion of the eiperiiitcnt, the fuonei waa coD' 
nected with a glass tuba three feet long s>ad bulf an inch in dinineter, 
the object l>etng to weaken, bj distanue, tli« efieot of the waves ilif- 
fraoted round the edge of the fannel, and tu permit those onljr which 
passed through the glass tube to act apon the flame. 

PreaeDting the end of the tube to the oriflce of the bnnier 
tfi. Fig. 1), or the orifioe to the end of the tntie, the flame was He- 
lentlj agitated by the sounding- reed, R. On shifting the tube, or the 
burner, so as to concentrate the sound on a portion of the flame atwot 
half QQ inch above the orifice, the action was nil. Concentrating the 
sound upon the burner itself, abont half an iooli bolow its oriflce, 
there was no action. 

These experiments demonstrate tbe localization of " the seat of 
sensitiveness," and the; prove the flame to be an appro^irial* ^ 
ment for the oontempUted experimenta on rerersibilitf. 




The experiments then proceeded thus : The sensitive J 
being placed close behind a screen of cardboard IB iocbes big^t bj 
12 inches wide, a vibrating reed, standing at the some heiglit as the 
root of the flame, was pliioed at a distance of 6 feet on the oilier 
tide of the screen. The sound of the reed, in this position, pro- 
iloced a strong agitation of tlie flame. 

The whule upper half of the flame was here visible from the 
reed ; hence the oecessitj of the foregoing experiments to prove 
the action of the sonnd on the upper portion of the flame to ha 
nil, and that the waves had really to bend round the edge of tbe 
Eoreen, so as to reach tlie seat of sensitiveneis in tbs aeighboriwod 
of the burner. 
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The posittonB of tbe flame and reod wore reversed, the ktter 
iMiog now close behind the BcraoQ, nnd the former at » ilistADCo 
of 6 feet from it. The soooroua vibrations wera without aeiiHible 
action upon the flame. 

Tbe experiment was repeated and varied In many wnjs. 
Screens of various aizca were oinplojod ; anil, iasteud of reveniing 
tbe positions of the Hame ami roiid, the screen itself watt moved, 
so aa to bring, in some exporimould tbe flame, nnd in other ex|ieri. 
ments tlie reed, clone behind it. Care w«a also taken tliat no 
reflected sound riiiin the walls or cuilin); of tlio laboratory, or 
rruin the boilj ot the eipe rim enter, sliould have aoytbiug lo do 
with tl>e effect. In all coaen it wa» abowD that tbe sound was ef- 
fective when tbe reed was at a distance from the screen, and the 
(lame chjse behind it; while the aotion wua inncDsibie when these 
positions were reversed. 

Thus, let » t, Fig. 2. he a vertical seclion of the screen. When 
the reed was at A and the flame at B there was no action ; when 
the reed was at B and the flame at A tbe action was decided. It 
may Ik added tbut tlie vibrations oommnnicated to the soreao 
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tttell^ and from it to the air beyond it, wore witboot effect; for 
when the reed, which at B was effectual, was ahifted to O, where 
its a^^tion on the screen was greatly augmented, it ceased to bsve 
any action on tht flntiie at A. 

We are now, I think, prepared to consider tlie failure of re- 
versibility in the larger experiiiicnle of 1822. Happily an inci- 
dental observation <>f great significance .■omes here to our aid. 
It wns obaerved anil recorded at the time that, while tbe reporta 
nf the guns at Villejuif were without eoboes, a roll of echoea, 
lasting from 20 to 26 seconds, accompanied every shot at 
UontlhSry, being heard by the observers there. Arago, the 
writer of tbe report, referred tlieae echoes to reflectinn from tbe 
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clouda, 8D explanation nliicb I ttitnk nc ore now eclided to regard 
us probleniaUoal. Tlic report saja 'tiat "tons 1m ooo|is lirfea i 
M'lniihirj j fitaient aoeompaffnit li'ua roolemeot Brinblnble i 
ci'Iui da Umnerre " I have iuilicized a verf ugnificant word 
—a word whiuh fairly aiii-lit* to onr ecperimenta on gTm-BOunds 
■t the Suuth Foreland, nhere there waa no eensitfle int<;i-Tal l«- 
tween explo^on and echo, bat wbich could bardly applj to ecboei 
coniing from the clouds. For, snpposiDg the clouda t<< be only > 
mile diBtant, Ibe sound and ita echo would hiive been separated b; 
an interval of aearlj leu seconds. Bat there ia no mention of 
any interval ; and, had snch existed, suruly the word " followed," 
instead of " aocompacied," would have bo<'n tli« one emploj^ed. 
The ectioea, moreovor, appear to have been emttinuoiu, wliilo tbe 
cliiudB observed seem to have been irparaU. " Ces phf nomdoes," 
says Arago, " n'ont jamais en lieu qn'su moment de I'Bpparilion de 
quelquas nnogea." Bnt fi'om separate clouds a contioQoua roll of 
echoes conld h&rdly oome. When to this is added the experi* 
mental fact that clouds far denser than an; ever fonned in tbe 
atmosphere are donionBtrnbly incupuble of sensibly reflecting sonad, 
while cloudless air, which Arago prononnced echoless baa been 
proved capable of powerfully reflecting it, I think we have strong 
reason to question thcbypotheais of tbe illustrious French philosopher.' 

And, oonaidering the hundreds of shots fired at the South 
Foreland, with the attention especially directed to the a&rial 
echoes, when no single case occurred in wbich echoes of measu- 
rable duration did not accompany tite report of the gnu, I think 
Arsgo's statement, that at Till^tiif no echoes were heard when 
the slty was clear, must simply mean that they vanished with greU 
rapidity. Unless the attention was Bpecially directed to the point, 
a slight prolongntion of the cnnnon-sonnd might well eacape ob- 
servation ; and it would he all the more likely to do bo if the echoes 
were 90 loud and prompt as to form apparently part and parcel of 
tbe direct sound. 

I shiiuld be very loath to transgress here the limits of fair criU- 
□ism, or to tlirow doubt, without giiod reason, on the recorded obsei^ 
rntions'of lUusIrious men. Still, taking into account what hae been 
Just slated, and roiuembering that the minds of Arago and his col- 
ti'tigues were occniiied by a totally different problem (that the 
e'-hoc« were an incident rather than an object of observation), I 
think we may justly consider the sound which he called "instan 
'S-kC (Br VII., P»rt II 
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tnneon* " aa ooe whose aOrial echofs did not diiferectiftto them- 
selves from the direct sonnd by tnf noticeable fall of intcnaity, and 
which rapidly died into silence. 

Turning now to the obecTvations at MontUt^ry, we are struck 
by the eilraordinary duration of the ec-booa heard at that statiotL 
At the S<>uth Forelimd the charge liabitatilly fired was equal to 
the largest of those einjiloyed by the French pliilosophors ; but 
oo no occasion did the giin-soaDds produce eohoea appruaching 
to 80 or 2G aeconds' duration. The time rarely reached half this 
araoDnL Even the siren -echoes, which were more remarkable 
snd more long continued than thoee of the gan, never reached 
the duration of the Ifontiltfry echiiea. The nearest approach to it 
was on Ootiiber 17, 1873, when the sircn-echoee required 15 seconde 
to subside into silence. 

On this aame day, moreover (and this is a point of marked 
aigDifionnce), the tranamittcd sound reached its maiimum ranpe, 
tlie gnn-soandd being lienrd at the Qitenooa buoy, 16^ nautical 
miles from the Sooth Foreland, I have slated in another place 
that the doration of the air-echoes indiciites " tbe atmo»pborio 
depths " from which they came. An optical anelogj may help 
ns here. Let light fall npon chalk, the li^lit is wholly scattered 
by the Bopcrficial particles ; let the chalk be powdered and 
mixed uith water, light reaches the observer from a far greater 
depth of the turbid liquid. The solid chalk typifies the action of 
exceedingly dense acoustio clouds; the chalk and water that of 
oloads of more moderate density. In the one case 'we have echoes 
of ihort, in the other echoes of long duration. These considera- 
tions prepare na for the inference that MontlliSry, on the occasion 
referred to, must have been surrounded by a highly-diacoiiatic 
■tmoapherej while the shortaeHS of the echoes at Villejnif shows 
that the atmosphere surrounding that station must have been, iu 
a high degree, ecouHtically opaque, ' 

Have wo any clew to tlie cause of the opacity! I think we 
have. 'Villtyuif is olose to Paris, and over it, with the obaenreil 
light wind, was slowly wafted the air from the city. Thousandj 
of chimneys to windward of Villejuif were discharging their 
heated currents; so that an exceedingly non-homogeneous at- 
mosphere must have surronnded tbat station,' At no great 
height in the atmosphere the equilibrium of temperature won'.d 
De establisheii. This non-bouiogencons air surrounding Vill^uif 
< The eSeot of thi sir of London ia lOmeLlmM lUibiniilj evliteat 
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It «xtwHm«DUllj tTpifiad bj oar wraoi, witk Ito MUMOfaM^ 
eloM beliioJ it, tba i4>p«r edg« of tb« i w w m^ i —flin tbt 
plftc« wbere •qnilibrinin of tempentara w«* «f HWw d b Iht 
Atmo^bera above the Kstiaa. In nrtM of Urn fravoAj to iki 
•oroen, tbe eohoM from onr ttma^ag-nmi wodd, ia th« cMt 
bwe lappoMd, BO blead with tbe direct M«ttd m to be pcaotied; 
iud'utingaiabable from it, u the ecboM it Takjaif folhtwed the 
direct sound bo botlj, ud vuiahed to npidtj, tbAt Hmj «Kap«d 
obeerTUion. And m our seD»itive fluae, •> a dbtance, (ailed to ba 
affected bj tho aoandiiig bodj placed doee behind tbe eardboard 
•creen, to, I take it, did the obsffirers at MontDi^r; (ail to hear tbe 
wunds of the Villejuif gun. 

SoraetbiDg farther ma; be done toward the experimental 
elncidntioD of this nibjeft The faoilitj with which sonnds pan 
Chriugh textile fsbrii'a liaa beuD alroadj illostrated,' a layer of 
cambric or oolicu, or even of tbick flannel or baize, being foand 
oomiieteot to intercept bnt a small fraction of tbe aound from * 
vibratiag reed. 8ucb a lajer of caIico may be taken to represent 
a layer of sir, differentiated from its neighbors by temperataro 
or moiatnre; while a sacoesBion of aacb sbeeU of calico 
taken to represent eacceuiTe layers of non-homogeneous ur. 

Two tin tubes <M N anil O P, Fig. 3) with open end* 



qU 



pkeoi! so as to form an accnte angle with eac'i othor. At the end 
of <me wiiB the vibrating reed r,' opposite the end uf tbe oilier, 
and In the prolongation of P 0, the sensitive flame _f- » second 
sensitive flame (/) boinK placed in tbe oontinnation of the axii 
of H N. On sounding the reed, the direct sound through U M 
agitated the flnme J". Introducing the aqnare of oalioo a A at tlis 

' " Pblloi-ophloJ Trinsactions," 18".", Psrt I., p. V«, and ohspMr flL rf 
this voluina. 
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proper angle, & iHgtit decrease of the action on /' was notioed, and 

tlie feeble eoho from a h produced a barely perceptible agitatiou of 
tbe flame/. Addiog another square, e d, the soand trasBniitted 
by a 6 impinged on e d; it was [lartiallj eoliocd, returned Ihroagh 
a lu passed along P 0, and stil! farther agitated the flame X' 
Adding a third sqaare, e f, the reflected auund was Btill further 
augiuenied, everj socesaion to the echo being accompanied bj 3 
norresponding withdrawal of the vibrations frum /', and a oon- 
fci)uont stilling of that flame. 

With tliiuuer calico or oambrio it wduld require a greater nnm- 
ber of layers to intercept the entire ei>imd ; liejice with anoh cam' 
brio we shonld have echoes retnrned from a greater distance, and 
therefore of greater duration. Eight layers of the calico employed 
In these experimenis, stretched on a wire frame and placed clow 
together as a kind of pad, may be taken to represent a dense 
aoouatic cloud. Such a pad, placed at the proper an^la heyund N, 
oi)t« off the sound, which in its abscnco reaches /', to such an ex- 
tent that the flame /', when nut too sensitive, is thereby stilled, 
while / is far more powerfully agitated than by the reflection from 
a single layer. With the soarce of sound close at hand, the echoes 
from snch a pad wouH be of insensible duration, Thns close at 
hand do I suppose the acoustic clouds surronnding Vill^uif to have 
been, a rimilar shortness of echo being the oonseqneaee. 

A (iirther step is here taken in the illnstration of the analogy 
between light and sound. Our pad acts oMefly by interna! refleo- 
tion. The sound from the reed is a composite one, made np of par- 
tial aonnds difl'ering in pitch. If these sonnds be ^ected from the 
pad in their pristine proportions, the pad is acoustically white; if 
they return with their proportions altered, the pad ie aoonstieallr 

In these experinienta my assistant, Ur. Oottrell, has rendered 
me material aaristanoe.' 



NoTB, Juna Sd. — I annex here a sketch of an apparatus ' devised 
by my asiiistant, Mr. Oottrell, and eonstrnoted by Tisley and Spil- 

1 Since tljie was irritton I have Bsnt Iho «ound throDgh flfteen layers of 
oaliso, nnd Mhned It bank thrau)(ti tbs name layers, in strength aalBaient to 
■gicatflthe flame. Thirty layers were bcre crossed by the soand. Tha loond 
vai suhseqaently found iblv to penetrate two hundred layen orooCUin net 
) tlogla lajrer of netted catica being ooinpetent to stop It. 

'be ent reaahad me tno lale for Introduation at the proper place. 
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